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Magnetite (FesO4) nanoparticles with different sizes and shapes are synthesized by the thermal decomposition
method. Two approaches, non-injection one-pot and hot-injection methods, are designed to investigate the growth
mechanism in detail. It is found that the size and shape of nanoparticles are determined by adjusting the precursor
concentration and duration time, which can be well explained by the mechanism based on the LaMer model in
our synthetic system. The monodisperse FesO4 nanoparticles have a mean diameter from 5nm to 16 nm, and
shape evolution from spherical to triangular and cubic. The magnetic properties are size-dependent, and Fe3 Q4
nanoparticles in small size about 5 nm exhibit superparamagnetic properties at room temperature and maximum

saturation magnetization approaches to 78 emu/g, whereas FesO4 nanoparticles develop ferromagnetic properties

when the diameter increases to about 16 nm.

PACS: 75.47.Lx, 81.07.—b, 81.10.Dn, 81.16.Be

Fe3O, is an important kind of magnetic ma-
terial having a cubic inverse spinel structure with
oxygen anions forming a face-centered-cubic (FCC)
close-packed structure, which has been of scientific
and technological interest in recent years. Due to
their low toxicity, innate biocompatibility, high sat-
uration magnetization, and room temperature super-
paramagnetism under critical size, Fe3O, nanopar-
ticles can be used in magnetic resonance imag-
ing (MRI) contrast enhancement,!' * catalysis,!” "]
magnetic separation,[® !l ferrofluids,!'*'*! controlled
drug delivery,!'*'"! biosensor and medical diagnosis,
etc.[' 1] The magnetic properties of FesO4 nanopar-
ticles can be tailored by controlling the size, shape,
crystallinity, and monodispersity in synthesizing and
assembling, which is important for exploring their
growth process and mechanism.

For these reasons, many efforts were focused
on controlling the shape and size by changing the
synthesis conditions. Sun et al. reported that
high-temperature reaction of Fe(acac)s in the pres-
ence of alcohol, oleic acid, and oleylamine could
be used to produce size-controlled monodisperse
Fe;04 nanoparticles.['”) Ho et al. investigated shape-
controlled growth and shape-dependent cation site oc-
cupancy of monodisperse Fe3O4 nanoparticles by a
modified hot-injection method."! Li et al. synthe-
sized hexagonal and triangular monodisperse Fe3Oy
nanosheets enclosed by {111} planes through a two-
step microemulsion solvothermal process.[*'] Although
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great efforts are given, it is still necessary to systemat-
ically study the size- and shape-evolution process and
mechanisms of Fe3O,4 nanoparticles.

In this work, spherical, polyhedral, triangular, and
cubic Fe3O4 nanoparticles are synthesized by using
non-injection one-pot and hot-injection methods, and
the size and shape evolution are systematically inves-
tigated by controlling the synthesis conditions. The
results show that the size and shape of Fe3O4 nanopar-
ticles strongly depend on precursor concentration, nu-
cleation and growth time, and affect magnetic prop-
erties, which is promising to controllably synthesize
Fe3O4 and to clarify its growth mechanism and po-
tential applications.

The chemical reagents used in our work were
iron (IM) acetylacetonate (Fe(acac)s), oleylamine, oleic
acid, benzy ether, 1,2-hexadecanediol and n-hexane.
All of the reagents were analytical grade. The synthe-
sis was carried out by using the typical thermal de-
composition method under the protection of nitrogen.
We designed two routes, non-injection one-pot and
hot-injection methods, to control the grain size and
crystal shape. In the non-injection one-pot method,
Fe(acac)s, oleylamine, benzy ether were mixed in a
four-neck flask. Then the mixture was heated to 120°C
with constant magnetic stirring under the protection
of nitrogen. After maintaining the temperature for
about 30 min, the mixture was heated to 300°C, and
refluxed for a certain time to obtain Fe3O,4 nanopar-
ticles. In the hot-injection method, Fe(acac)s and
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benzyl ether were mixed as precursor solution in ad-
vance, 0.2M Fe(acac)s precursor solution was used in
our work. Oleylamine or 1,2-hexadecanediol solution
was used as the background solution in a four-neck
flask. The background solution was heated to 120°C
with constant magnetic stirring under the protection
of nitrogen, maintaining the temperature for about
30min, further heated to 300°C. Then the precursor
solution was injected into the flask by controlling in-
jection rate of 10ml/h, and reflux for 2h to obtain
Fe304 nanoparticles. The flask was cooled to room
temperature naturally after both non-injection one-
pot and hot-injection methods. The black precipitate
was washed with n-hexane and ethanol, and separated
by centrifugation (4500rpm) several times. The col-
lected Fe304 nanoparticles were finally dried in a des-
iccator at 60°C for 4h for further characterization.

The size and morphology were observed by a trans-
mission electron microscope (TEM JEM-2100). The
crystalline structure of the nanoparticles was charac-
terized by x-ray diffraction (XRD Rigaku Ultima IV).
The magnetic measurement was carried out by a vi-
brating sample magnetometer (VSM Lakeshore 7407)
and a superconducting quantum interference device
(SQUID MPMS-XL-5).

All the TEM images in our work show that the
decomposition reaction of Fe(acac)s at high tempera-
ture can lead to monodisperse nanoparticles. To un-
derstand the formation mechanism of monodisperse
nanoparticles in the non-injection one-pot method, we
change firstly the amount of Fe(acac)s precursors but
fix oleylamine, benzyl oxide, and reaction time. Then
we change the reaction time but fix the amount of
Fe(acac)s precursors, oleylamine and benzyl oxide.

Fig. 1. TEM images of nanoparticles made by the non-
injection one-pot method for the amounts of Fe(acac)s
precursor: (a) 0.5 mmol, (b) 1 mmol, (c) 2mmol and (d)
4 mmol.

Figure 1 shows the size and shape of Fe3;Oy4

nanoparticles obtained at different amounts of
Fe(acac)s precursor while fixing oleylamine at 30ml,
benzyl oxide 10ml, and reaction time 1h. As for
the TEM images shown in Fig.1, when the amount
of Fe(acac)s precursors increases from 0.5mmol to
2mmol, only slight increase is observed in the size
of nanopraticles, the mean size of nanoparticles is in-
creased from ~4.5nm to ~5nm. When the amount of
Fe(acac)s precursors increases from 2 mmol to 4 mmol,
the mean size of nanoparticles is obviously increased
from ~5nm to ~7nm. The formation mechanism
of Fe30, monodisperse nanoparticles might be ex-
plained by the LaMer model.[*? According to the
LaMer model, the particles formation process in-
cludes three periods. In period I, the concentration
of monomers generated from Fe(acac)s precursors is
gradually increased and reaches the minimum nucle-
ation concentration, namely the critical supersatura-
tion level (Cupi¢). In period I, the nucleation occurs
and nanoparticles grow, and then the monomer con-
centration is decreased to Cet. In period II, the
monomer concentration is gradually decreased for fur-
ther growth of nanoparticles.
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Fig. 2. Schematic illustration of nucleation and growth
mechanisms based on the LaMer model: (a) mechanism
for the non-injection one-pot method, and (b) mechanism
for the hot-injection method.

Figure 2(a) shows the formation schematic illustra-
tion of the non-injection one-pot method based on the
LaMer model, it has only one fluctuation in period II,
which means that only one burst nucleation occurs in
the process of formation nanoparticles. In the non-
injection one-pot method, when the monomer con-
centration generated by Fe(acac)s precursors is above
Clrit, then burst nucleation occurs and the nanoparti-
cles would be formed rapidly to a critical size. After
burst nucleation, the remaining monomers grow on the
existing nuclei. When the amount of Fe(acac)s pre-
cursors is low in a certain volume, 0.5-2mmol in our
system, the large monomers generated by Fe(acac)s
precursors are consumed first to form crystal nuclei,
only a small number of monomers will be used to en-
large the nanoparticles, thus there is only slight in-
crease in the size of nanoparticles. However, when the
amount of Fe(acac)s precursors is high in a certain vol-
ume, exceeding 2mmol in our system, there are more
monomers growing on the existing nuclei after burst
nucleation, which leads to larger size.

The shape variations of Fe3O4 nanoparticles de-
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pending on the amount of Fe(acac)s precursors are
also observed from the TEM images in Fig.1. The
nanoparticle shapes should be determined by the facet
growth rates of Fe3O, nanoparticles, which might
be governed by the intrinsic surface energy and the
monomer concentration in our system. As shown in
Fig. 1, when the amount of Fe(acac)s precursor is 0.5
2 mmol, the monomer concentration is low in the pe-
riod I, the amount of monomers growing on existing
nuclei is small after burst nucleation, leading to slight
changes in shapes of nanoparticles. However, when
the amount of Fe(acac)s precursors is high, 4 mmol in
our system, the monomer concentration is high in the
period I, more monomers grow at different planes by
different rates, leading to irregular polyhedral shapes.
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Fig.3. TEM images of nanoparticles prepared by the
non-injection one-pot method at different reaction dura-
tions: (a) 1h, (b) 2h, (c) 3h, and (d) 4h.

Figure 3 shows the size and shape of Fe3Oy4
nanoparticles obtained by the non-injection one-pot
method at different reaction durations with fixed
Fe(acac)s precursors at 2mmol, oleylamine 30ml,
benzyl oxide 10ml. As shown in Fig.3, the mean
size of nanoparticles increases from ~5nm to ~7nm
along with the reaction time increases from 1h to
4h, which shows that extending reaction time can in-
crease the size of nanoparticles. This might be due
to the fact that, in period II of the LaMer model, the
monomer concentration is gradually decreased for fur-
ther growth of nanoparticles and Oswald ripening.!*’]
The increase rate affected by duration time, 2nm in
3h, is much lower than that of changing the amount
of Fe(acac)s precursors in our system, at least 4.5 nm
in the first one hour. This indicates that the growth
of nanoparticles at this period is a slow process. It
is also noticed that the shape of nanoparticles has no
obvious variation by changing duration time from 1h
to 4h. This means that the influence on shape of the

nanoparticles is slight in period II of the LaMer model
compared with that in period I in our system.

According to the above discussion, it is deduced
that period II of the LaMer model is crucial for control-
ling the size and shape in our synthetic system. This
mechanism is somewhat different when contrasted to
the shape formation mechanism of Ho et al[*’! who
proposed that the final shape of Fe304 nanoparticles
is determined in period Il of the LaMer model. To
further discuss the growth mechanism of nanoparti-
cles, we use the hot-injection method to extend the
burst nucleation and fast growth time in period I by
controlling the monomer concentration. Here 0.2M
Fe(acac)s precursor solution is injected slowly into dif-
ferent background solutions. The formation process of
the hot-injection method can be described by a modi-
fied schematic illustration based on the LaMer model
(shown in Fig. 2(b)).

The TEM images of Fe3O, nanoparticles made
in the hot-injection method are shown in Figs.4(a)
(oleylamine as background solution) and 4(b) (1,2-
hexadecanediol solution as background solution). As
shown in Fig. 4, the size and shape of Fe3O4 nanoparti-
cles made in hot-injection are very different from those
made by the non-injection one-pot method, the size of
Fe3O4 nanoparticles in hot-injection is greatly larger
than that by the non-injection one-pot method using
the same dosage of Fe(acac)s precursors at 2mmol,
and the shapes of Fe3O,4 nanoparticles are triangle and
cubic, more regular than those using the non-injection
one-pot method.

50nm
—

Fig.4. TEM images of nanoparticles made by the hot-
injection method (a) oleylamine solution as background
and (b) 1, 2-hexadecanediol solution as background.

As illustrated in Fig. 2(b), compared with the non-
injection one-pot method, the hot-injection method
can control the concentrations of Fe(acac)s precursor
by slowly injecting, and this allows an extended nu-
cleation and fast growth period. The rate of injection
determines the amount of nanoparticles per unit time
in the reaction. The hot-injection method with slow
rate avoids large-scale nucleation fluctuation and al-
lows monomers to grow on the existing nuclei, which
helps to form larger-sized nanoparticles.

We also notice that the particles in Fig.4(a)
exhibit broader size compared with that of parti-
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cles in Fig.4(b), maybe due to the fact that the
reducibility of oleylamine is stronger than that of
1,2-hexadecanediol,”") and the monomers generated
in oleylamine solution are more than those in 1,2-
hexadecanediol solution per unit time, which provides
more larger fluctuations around C¢,;; in period I of the
LaMer model. Therefore, at the same injection rate in
our system, multiple nucleation events may happen in
oleylamine background solution, the sizes of nanopar-
ticles formed in the first burst nucleation are larger
than those in the later burst nucleation, leading to
broader size distribution. Only a single burst nucle-
ation event may happen in 1,2-hexadecanediol back-
ground solution, then the monomer concentration is
kept below C..i;, the remaining monomers generated
with injection might grow on the existing nuclei, lead-
ing to relative narrow size distribution.

For spinel oxides, the {100} facet shows the low-
est surface energy while the {111} facet has the high-
est one among {100}, {110} and {111} facets.l*”] The
stronger reductant can make more monomers in the
same injection rate, leading to a higher concentra-
tion of burst nucleation than that of weak reductant.
When the concentration of burst nucleation is high,
the energy of monomers is large. Therefore the tri-
angle nanoparticles with the highest surface energy
{111} can be easily formed in oleylamine solution.
When the concentration of burst nucleation is low, the
energy of monomers is small, the cubic nanoparticles
with lowest surface energy {100} can be inclined to
form in 1,2-hexadecanediol solution. Appearance of a
few triangle nanoparticles may be due to local inho-
mogeneity in the injecting process which makes some
triangle nanoparticles with high energy {111} still re-
main. This indicates that the shapes of nanoparticles
can be controlled by the rate of the injection.

Intensity (arb. units)
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Fig.5. X-ray diffraction patterns of (a) ~5nm FeszOy4

nanoparticles made by the non-injection one-pot method,
and (b) ~16nm Fe3O4 nanoparticles made by the hot-
injection method.

X-ray diffraction patterns of small size (~5nm)
made by the non-injection one-pot method and large
size (~16nm) made by the hot-injection method are

shown in Fig. 5. The position and relative intensity of
all diffraction peaks can match well with face-centered
Fe304 (JCPDS No. 65-3107), indicating that FesOy
nanoparticles made by the non-injection one-pot or
hot-injection method are single crystal without impu-
rity phases. It is observed that the widths of reflec-
tion peaks become sharper with the increase of the
size, which is consistent with Scherrer’s formula. We
can also observe that the intensity of peaks in ~16 nm
Fe3O4 nanoparticles is greatly higher than that in
~5nm Fe3;04 nanoparticles, indicating that the crys-
tallinity of Fe3O,4 nanoparticles tends to improve.
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Fig. 6. Hysteresis loops of (a) ~5nm and ~16 nm FezOy4
nanoparticles measured by VSM at room temperature and
(b) ~5nm Fe3O4 nanoparticles measured by SQUID at
5K and 300 K.

Figure 6(a) shows the hysteresis loops of small size
(~5nm) Fe30, nanoparticles and large size FesOy4
nanoparticles (~16nm) measured by VSM at room
temperature. For Fe3O4 nanoparticles, it is noticed
that the saturation magnetization values depend on
the size of the particles. The saturation magnetization
values of Fe3O4 particles are 78 emu/g and 110emu/g
when their sizes are ~5nm and ~16nm, respectively.
This can be attributed to the growth of particle sizes
and the improvement of crystallinity. Magnetic mea-
surements on the ~5nm Fe3O4 nanoparticles indicate
that the small size particles are superparamagnetic at
room temperature. Figure 6(b) shows the hystere-
sis loops of small size (~5nm) FezO4 nanoparticles
measured by SQUID at 5K and 300 K. It is observed
from Fig. 6(b) that ~5nm particles are ferromagnetic
at 5 K with obvious coercivity of 80.9 Oe, while super-
paramagnetic at 300 K with no hysteresis. This means
that the thermal energy can overcome the anisotropy
energy barrier of a single particle, and the net mag-
netization of Fe3O, nanoparticles in the absence of
external field is zero at room temperature.’) Other
than ~5nm Fe3zO,4 nanoparticles, the hysteresis loops
of the ~16 nm Fe30,4 nanoparticles displays low coer-
civity of 109 Oe. This is possibly due to the fact that
some particles’ sizes already exceed the superparam-
agnetic critical size. It is observed that the satura-
tion magnetization of 5nm Fe3O4 measured by VSM
is smaller than that measured by SQUID (300 K). The
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reason is that the VSM test time is a few weeks later
than SQUID, such a reduction is mainly attributed to
the oxidation from Fe3Q,4 to v-Feo O3, where v-Fes O3
shows a lower saturation magnetization than that of
Fe;0,4.127]

In conclusion, the size and shape evolutions of
Fe30,4 nanoparticles have been systematically inves-
tigated by non-injection one-pot and hot-injection
methods. The size of Fe3O4 nanoparticles is increased
by increasing the precursor concentration or extend-
ing the duration time in the non-injection one-pot
method, or injecting precursor slowly in hot-injection
method. The different shapes of Fe3O4 nanoparticles
can be synthesized when the monomer concentration
is controlled by injection. The formation mechanism
based on the LaMer model indicates that the nucle-
ation and growth rate are crucial to form size- and
shape-controllable Fe3O, nanoparticles, in which the
monomer concentration and facet energy might be the
dominant factor in our system. The slow rate of in-
jection favors the formation of triangular and cubic-
like Fe3O4 nanoparticles. The smaller size of Fe3Oy4
nanoparticles show superparamagnetism at room tem-
perature and the saturation magnetization value in-
creases with the increasing size of Fe3O, nanoparti-
cles, which will be suitable for various magnetic appli-
cations.
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