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We report a solvothermal approach for the synthesis of high-magnetization Fe;O4 polyhedral
nanoparticles in the ethylene glycol (EG)-H,O system. In this approach, ferric chloride (FeCls-
6H,O0) is used as the iron source, and EG acts as both the solvent and reductant in the presence
of sodium hydroxide (NaOH) and dodecylamine (DDA). The presence of deionized water plays
an important role in the control over the size of Fe;O4 particles. The Fe;O4 particles prepared are

well dispersed with single-crystal-like features, showing superparamagnetism with a high
saturation magnetization close to that of bulk Fe;O, (92 emu g ). The stability of the Fe;O4

nanoparticles in deionized water is also investigated.

1 Introduction

During the past decades, nanostructured materials have attracted
considerable attention due to their fundamental significance for
physical properties and potential applications.'* Much effort has
been made to study their novel physical properties (such as
electronic, magnetic and optical traits) as well as the quantum
confinement effect and space confined transport phenomena,
which differ from those of their bulk counterparts.®” It is well
known that the properties of nanomaterials are affected not only
by their chemical composition, but also by their structure, shape
and size.® Magnetic nanocrystals have been of keen interest in the
applications such as magnetic recording media, magnetic
resonance imaging (MRI), and targeted drug delivery.” ' More-
over, the synthesis of magnetic nanomaterials with a controlled
size and morphology has been of scientific and technological
interest. Indeed, the reduction in the particle size leads to new
and novel properties, particularly magnetic properties
(superparamagnetism).'>!3

The intriguing potential applications of magnetic nanostruc-
tures have stimulated the rapid development of the
synthetic techniques. To date, a variety of synthetic methods
for magnetic nanoparticles have been developed, such as che-
mical co-precipitation,'® inverse microemulsion," ultrasound
irradiation,'® laser pyrolysis,'” thermal decomposition,'®?° mi-
crowave-assisted method?'** and solvothermal method.* Var-
ious magnetic nanostructures with different morphologies have
been synthesized, such as monodisperse nanoparticles,’* >’
microspheres,28 nanorods, ! nanowires,*>* nanosheets>!
and nanotubes.’**> Although magnetic nanostructures with
different morphologies have been prepared, controlled synthesis
of magnetic (especially high magnetization) nanoscale crystals
with various morphologies always turns out to be a great
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challenge to scientists. The size, shape, surface defect, and phase
purity are only a few of the parameters influencing the magnetic
properties, which makes the investigation of the magnetism very
complicated. One of the great challenges remains the manufac-
turing of magnetic nanostructures with well-defined shape,
controlled composition, ideal chemical stability, tunable inter-
particle separations, high magnetization and a functionalizable
surface. Thus, the synthesis of magnetic nanostructures with
well-controlled characteristics is a very important task.*®

Herein we report a solvothermal approach for the con-
trolled synthesis of high-magnetization Fe;O4 nanoparticles
in an ethylene glycol (EG)-H,O system. To the best of our
knowledge, this is the first report on a simple one-step con-
trolled synthesis of high-magnetization Fe;O4 polyhedral na-
noparticles in the ethylene glycol (EG)-H,O system. In this
approach, ferric chloride (FeCl;-6H,0) is used as the iron
source, and EG acts as both a solvent and reductant in the
presence of sodium hydroxide (NaOH) and dodecylamine
(DDA). The Fe;0, particles prepared are well dispersed and
with single-crystal-like features, showing superparamagnetism
with a high saturation magnetization close to that of bulk
Fe;04 (92 emu g~ '). The Fe;04 polyhedral nanoparticles have
a good stability in aqueous solution.

2 Experimental

All chemicals used in our experiments were purchased and
used as received without further purification. Ferric chloride
(FeCl3-6H,0), ethylene glycol (EG) and dodecylamine (DDA)
were purchased from Sinopharm Chemical Reagent Co., Ltd.
Sodium hydroxide (NaOH) was purchased from Shanghai
Ling-Feng Chemical Reagent Co., Ltd.

In the typical synthetic procedure of the Fe;O,4 samples,
solution A was prepared by dissolving 0.541 g of FeCl;-6H,O
and 0.371 g of DDA in 20 mL of EG under magnetic stirring
at a rate of ca. 750 rpm at 50 °C, and solution B was prepared
by dissolving 0.160 g of NaOH in 10 mL of EG under
magnetic stirring at a rate of ca. 750 rpm at 50 °C. Then the
two solutions were mixed together and different dosages of
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Table 1 Experimental parameters for the synthesis of typical samples
(hydrothermal temperature was 220 °C for all samples)

Sample Solvent t/h  Morphology  Size/nm

1 EG (30 ml) + H,O (1 ml) 12 Polyhedra 234.5 (av.)
2 EG (30 ml) + H,O (1 ml) 18 Polyhedra 99.3 (av.)
3 EG (30 ml) 12 Hollow spheres ca. 250

4 EG (30 ml) 18 Hollow spheres ca. 250

5 EG (30 ml) + H,O (2 ml) 12 Polyhedra 46.8 (av.)
6 EG 30 ml) + HyO 3 ml) 12 Irregular 15-30

deionized water were added to the mixture under magnetic
stirring at a rate of ca. 750 rpm at room temperature, leading
to the formation of a yellow suspension. The resultant solution
was loaded into a 50 mL-Teflon lined stainless steel autoclave,
sealed, and heated at 220 °C for a period of time. The black
solid product was obtained by centrifugation, washed with
water and ethanol three times, and dried. The detailed experi-
mental parameters for the synthesis of typical samples are
listed in Table 1.

To examine the stability of the Fe;O4 samples, the as-
prepared samples (20 mg) were dispersed in deionized water
(100 mL) by sonication and their stability monitored with
time.

X-Ray powder diffraction (XRD) patterns were recorded
using a Rigaku D/max 2550 V X-ray diffractometer with
high-intensity Cu-Ka radiation (4 = 1.54178 A)and a graphite
monochromator. The transmission electron microscopy (TEM)
micrographs and selected-area electron diffraction (SAED)
patterns were taken with a Hitachi H-800 transmission electron
microscope with an accelerating voltage of 200 kV. Scanning
electron microscopy (SEM) images was recorded on a JSM-
6700F field emission scanning electron microscope. A physical
property measurement system (PPMS) (USA) was used to
evaluate the magnetic properties at room temperature. Thermo-
gravimetric analysis (TG) curves were measured with a heating
rate of 10 °C min~" in a flowing N, atmosphere with a STA
409/PC simultaneous thermal analyzer (Netzsch, Germany).

3 Results and discussion

Ethylene glycol is a reducing agent with a relatively high
boiling point, and has been widely used in the polyol process
to prepare fine metal or metal oxide materials.®”*° The
solvothermal process is one of the successful ways of growing
crystals of many different materials. This technique has also
been used to grow dislocation-free single-crystalline particles,
and crystals formed in this process have a better crystallinity
than those from other processes. Thus, we synthesized Fe;Oy
nanostructures combining the advantages of ethylene glycol
and the solvothermal process.

The black products were characterized by X-ray powder
diffraction (XRD). As shown in Fig. 1, the XRD patterns can
be indexed to Fe;O04 (JCPDS No. 19-0629), indicating that
Fe;04 can be obtained by such a simple solvothermal reduc-
tion method.

Samples 1 and 2 were synthesized for 12 and 18 h in the
presence of 1 mL deionized water. Fig. 2(a) and (b) shows the
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Fig. 1 XRD patterns of Fe;04 samples: (a) sample 1; (b) sample 5.

typical SEM micrographs of sample 1, from which one can see
the polyhedral shape. In some cases, there are also nanopar-
ticles with holes in them (middle of Fig. 2(b)) and bowl-like
structures (middle left of Fig. 2(b)) which suggest that there
are some hollow nanoparticles. Fig. 2(c) and (d) show TEM
micrographs of sample 1, and Fig. 2(g) shows the histogram of
the particle size distribution of sample 1. The diameters of the
polyhedral particles ranged from 150 to 280 nm, and the
average diameter was 234.5 nm. The SAED pattern in
the inset of Fig. 2(c) reveals the single-crystal-like feature of
the polyhedral particles. The inset of Fig. 2(d) suggests that
each polyhedral particle is comprised of many small nanopar-
ticles. According to the Scherrer equation, the average crystal-
lite size calculated based on the XRD pattern is approximately
21.0 nm. The above information also indicated an oriented
aggregation of Fe;0, nanoparticles.*! The main driving force
for oriented aggregation of nanoparticles can be generally
attributed to the tendency for reducing the high surface energy
through both the attachment among the primary nanoparti-
cles and the rotation of the primary nanoparticles caused by
various interactions such as Brownian motion, and the short-
range interactions between adjacent surfaces, i.e., oriented
aggregation.*>* There are also some polyhedral particles that
exhibit the “ring” appearance of shell nanoparticles (bottom
of Fig. 2(d)), which confirm that there are also some hollow
nanoparticles. Fig. 2(e) and (f) show TEM micrographs of
sample 2. Surprisingly, the size of the Fe;O, polyhedral
particles significantly decreased, but the morphology was
similar to that of sample 1. Fig. 2(h) shows the histogram of
the particle size distribution of sample 2. The diameters of the
polyhedral particles ranged from 70 to 120 nm, and the
average diameter was 99.3 nm.

In comparison, the samples synthesized without adding
deionized water were also investigated. Following the proce-
dure reported by Yu ez al.,** samples 3 and 4 were synthesized
for 12 and 18 h, respectively, without adding deionized water.
Fig. 3(a) and (b) show the typical SEM micrographs of sample
3, from which one can see that the Fe;0O4 product consisted of
hollow microspheres assembled by small nanoparticles. The
average size of the hollow spheres was around 250 nm.
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Fig. 2 (a) and (b) SEM micrographs of sample 1; (c) and (d) TEM micrographs of sample 1, the inset of (c) is the corresponding SAED pattern;
(e) and (f) TEM micrographs of sample 2; (g) the histogram of particle size distribution of sample 1; (h) the histogram of particle size distribution of

sample 2.

Fig. 3(c) and (d) show TEM micrographs of sample 3, which
confirm the hollow structures. The SAED pattern in the inset

Fig. 3 (a) and (b) SEM micrographs of sample 3; (c) and (d) TEM
micrographs of sample 3, the inset of (c) is the corresponding SAED
pattern; (¢) SEM micrograph of sample 4; and (f) TEM micrograph of
sample 4.

of Fig. 3(c) reveals the single-crystal-like feature of these
hollow microspheres, indicating an oriented aggregation of
Fe;04 nanoparticles. Fig. 3(e) and (f) show SEM and TEM
micrographs of sample 4. One can see that the shape and size
of the Fe;Oy4 hollow spheres are similar to those of sample 3.
However, the size of the Fe;O4 polyhedral particles signifi-
cantly decreased in the presence of deionized water, as dis-
cussed above. This result indicates the significant influence of
the addition of deionized water.

In the formation process of Fe;O4 polyhedral particles,
FeCl5-6H,0 is used as the iron source, and EG acts as both
a solvent and reductant. Furthermore, NaOH and water play
an important role in the formation process of Fe;Oy4. It has
been reported that Fe*™ can not be reduced by ethylene glycol
alone.”® Yu et al.*® have observed that in the absence of
deionized water in the reaction system, the morphology of
Fe;0,4 nanoparticles changed in the following sequence as the
concentration of DDA increased: rhombic particles, solid
spheres, hollow microspheres, large-size solid spheres and
irregular particles. In our EG-H,O reaction system, DDA
also serves to form the surfactant micelles, thus controlling the
morphology of Fe;Oy4 particles. The most important factor is
the presence of deionized water in the reaction system. In the
non-aqueous system, the addition of water provides a simple
method to prepare oxide nanoparticles with controlled size
and narrow size distribution.** Because the coordination of
water molecules to metal ions is stronger than that of EG
molecules, the coordinated EG molecules will be substituted
by water molecules when water is added into the reaction
solution. By adjusting the dosage of deionized water, the
particle size and size distribution of Fe;O4 nanoparticles can
be controlled.

In order to get more information about the effect of
deionized water, we synthesized samples 5 and 6 for 12 h in
the presence of 2 and 3 mL deionized water in the reaction
system, respectively. Fig. 4(a)—(d) show typical SEM and TEM
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Fig. 4 (a) and (b) SEM micrographs of sample 5; (c) and (d) TEM micrographs of sample 5, the inset of (c) is the corresponding SAED pattern;
(e) and (f) TEM micrographs of sample 6; (g) the histogram of particle size distribution of sample 5.

micrographs of sample 5. The sizes of the Fe;O4 polyhedral
nanoparticles decreased with little change in the morphology.
Fig. 4(g) shows the histogram of the particle size distribution
of sample 5. The diameters of the polyhedral particles ranged
from 30 to 60 nm, and the average diameter was 46.8 nm. The
SAED pattern in the inset of Fig. 4(c) reveals the single-
crystal-like feature of the polyhedral nanoparticles. According
to the Scherrer equation, the average crystallite size calculated
based on the XRD pattern is approximately 14.3 nm. Fig. 4(e)
and (f) show the TEM micrographs of sample 6, from which
one can see that the sizes of Fe;O4 nanoparticles were in the
range of 15-30 nm, and the morphology became irregular.
These results indicate the significant effect of deionized water
on the formation of Fe;04 nanostructures.

The magnetic properties of Fe;O, polyhedral nanoparticles
(samples 1 and 5) were also investigated. The room-temperature
magnetization curves are shown in Fig. 5. Both samples ex-
hibited a superparamagnetic characteristic. The result that these
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Fig. 5 The magnetization curves measured at room temperature for
the Fe;O4 samples: (a) sample 5; (b) sample 1.

large polyhedral particles are superparamagnetic is owing to the
fact that they are comprised of many small nanoparticles that
show oriented aggregation into a superstructure. The poly-
hedral nanoparticles of sample 5 have a high saturation
magnetization M, of 83.8 emu g '. The Fe;O, polyhedral
particles of sample 1 have an even higher saturation magnetiza-
tion M of 90.3 emu g~ .

The saturation magnetization M = 90.3 emu g~' of sample
1 is very high at room temperature, slightly smaller than that
of bulk Fe;0, (92 emu g~'). Only a few papers have reported
values above 90 emu g~ '3 It can be observed that the
saturation magnetization decreased as the size decreased. This
agrees with the known fact that the magnetization of small
particles decreases as the particle size decreases.*’*® Sample 5
consisted of nanoparticles smaller than those of sample 1.

To investigate the stability of the Fe;O4 samples, the as-
prepared samples (1, 5) (20 mg) were dispersed in deionized
water (100 mL) by sonication and the time in which Fe;O4
polyhedral particles were retained in the suspension (stability
time) was measured. The stability time of samples 1 and 5 was
4 and 7 h, respectively, indicating that the prepared Fe;O4
polyhedral particles can be well dispersed in aqueous solution
and have a good stability. Therefore, with the appropriate
surface modifications, these FesO4 polyhedral particles may be
suitable for applications in clinical diagnosis and in the
targeted delivery of drugs, proteins, viruses or bacteria. The
TG curve of sample 5 in a flowing N, atmosphere is shown in
Fig. 6, which shows that there are several mass loss stages and
the total mass loss between 190 and 700 °C was around 6%.
Here we propose that the total mass loss corresponds to the
removal of EG and oxidized products of EG which were
adsorbed on the nanoparticle surface and played an important
role as stabilizer for the Fe;0,4 nanoparticles. The stability of
the Fe;O4 powders (samples 1 and 5) in ethanol was also
investigated. However, these Fe;O4 polyhedral particles
exhibited poor stability in ethanol and both samples precipi-
tated completely within 1 h.
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Fig. 6 The TG curve of sample 5 in a flowing N, atmosphere.

Conclusion

We have demonstrated a simple solvothermal reduction method
in the ethylene glycol (EG)-H,O system for the preparation of
high-magnetization Fe;O, polyhedral nanoparticles. In this
method, the water plays an important role in the formation of
polyhedral Fe;O,4 particles with different sizes. The addition of
water with different dosage into the reaction system causes the
formation of Fe;O,4 polyhedral nanoparticles with different size.
The Fe;0,4 polyhedral particles prepared can be well dispersed in
aqueous solution and show a good stability. The magnetic
property measurements show superparamagnetism with a very
high saturation magnetization close to the value of bulk Fe;O4
(92 emu g~ "). Moreover, the saturation magnetization of these
materials change regularly with the size. The synthetic strategy
developed in this study may also be extended to the preparation
of other magnetic nanomaterials.
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