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Abstract

Well-defined grass-like Fe;0, nanostructures have been successfully synthesized via a novel and facile microemulsion-assisted solvothermal
method. The resultant Fe;O4 products were characterized by X-ray diffraction (XRD), energy dispersive X-ray spectroscopy (EDX) and field
emission scanning electron microscopy (FE-SEM). The effects of various reaction conditions on the morphology and structure of Fe;0,4 products
were investigated. The results show that the reaction temperature, the concentration of KOH and the reverse microemulsion system play
important roles in governing the final product. The hysteresis loops of the grass-like Fe;0,4 nanostructures were measured at room temperature,
the superparamagnetic signature emerged with the saturated magnetization of 65.5 emu/g.

© 2013 Published by Elsevier Ltd and Techna Group S.r.l.
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1. Introduction

One-dimensional (1D) nanoscale materials have attracted
tremendous attention in the area of nanotechnology because
these materials exhibit unique morphology, optical, electronic,
and magnetic properties which hold great promise for advanced
catalysis, electronics, sensors, energy storage/conversion, and
photonic applications [1-4].

During the past decade, considerable attention has been drawn
to the preparation of magnetic micro/nanomaterials owing to their
peculiar properties and technological applications [5,6]. Espe-
cially, as the oldest magnetic material and one of the most
important magnetic materials, magnetite (FesO,4) with advantages
of low cost, non-toxicity, high chemical stability, good biocom-
patibility and natural abundance has aroused great interest due to
their potential applications in a wide range of fields like lithium-
ion batteries, biomaterials diagnostics, recoverable catalyst, ferro-
fluids, magnetic resonance imaging, immunoassay, water treat-
ment, drug and gene delivery [7-10]. One-dimension Fe;O4
nanomaterials with anisotropic morphologies and perfect struc-
tures have outstanding physicochemical properties that are not
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conceivable in bulk structures [11-16]. Up to now, many efforts
have been directed to the fabrication of Fe;O4 1D architectures.
For example, Muraliganth et al. [17] prepared Fe;O,4 nanowires
by a microwave-hydrothermal approach. Yu et al. [18] synthe-
sized Fe;O, nano-whiskers via ultrasonic-aided reduction of
FeCl, - 4H,0O with N,H,- H>O in concentrated NaOH solution.
Zhang et al. [19] fabricated Fe;O,4 nanorods through a reverse
co-precipitation with external magnetic field-assisted strategy.
Though much progress has been made in the synthesis of 1D
magnetite micro/nanostructures, simple routes under milder con-
ditions are still required.

As we all know, simple chemical reactions in reverse micelles
or microemulsions have been shown to be powerful in control-
ling the size and shape of inorganic nanocrystals [20]. Reverse
microemulsions are colloidal “nanodispersions” of water/oil
stabilized by a surfactant and cosurfactant film [21,22]. Also,
reverse microemulsions are thermodynamically stable systems
and have the ability to solubilize proper solution. As the
nanowater pools, they can provide ideal spatially constrained
microreactors for the synthesis of inorganic nanoparticles with
desired size and morphology. In addition, the solvothermal
method has been widely applied to form nanomaterials for its
unique reaction environment. It has been proven that the use of
solvothermal method for generating nanomaterials cannot only
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decrease reaction temperature of systems but also improve the
crystallinity of the products. Whereas the microemulsion-
assisted solvothermal method, as a combination of the two
methods mentioned above, possesses all the merits of both and
has already been approved as an effectual tool to fabricate
inorganic nanocrystals [23-25]. We also prepared In,O; nano-
cubes [26] and ZnO nanotetrapods [27] by microemulsion-
mediated solvothermal approach.

Herein, we further report the successful synthesis of grass-like
Fe3;0, nanostructures by employing a nonionic TritonX-100-
based reverse microemulsion system under solvothermal condi-
tions. The effects of the reaction temperature, the concentration of
KOH and the reverse microemulsion system on the shape of
Fe;0, were discussed. Magnetic properties of the as-obtained
grass-like Fe;0,4 samples were also examined.

2. Experimental

Analytical grade FeCl; - 6H,0 (99.0%), KOH (85.0%), ethylene
glycol (EG, 99.5%), n-octanol (CHs(CH,);OH, 99.0%), Triton

KOH

FeCls + EG

solvothermal process
black products

stirring stirring

Fig. 1. Flowchart of the typical synthesis process.
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X-100 (OP), and cyclohexane (CgH;s, 99.5%) were purchased
from Xilong Chemical Reagent Factory and were used without
further purification.

A typical procedure is as follows: two reverse microemulsions
were prepared by adding 0.8 mL of 0.02 M FeCl; ethylene glycol
solution and 0.8 mL of 0.06 M KOH aqueous solution into OP/n-
octanol/cyclohexane system (according to the mass ratio OP/n-
octanol/cyclohexane=2.5/2/8), respectively, which were stirred for
10 min at room temperature when the microemulsion became
transparent. Then the two microemulsion solutions were mixed
slowly and stirred for another 30 min. The resulting solution was
transferred to a 30 mL Teflon-lined stainless-steel autoclave and
kept at 190 °C for 10 h. After cooling to the room temperature
naturally, black products were harvested by centrifugation, and
washed with deionized water and absolute ethanol several times,
and dried in vacuum at 50 °C for 4 h. Fig. 1 shows the flowchart of
the synthesis process of Fe;0,.

Phase identification was done by the powder X-ray diffraction
(XRD) using an X-ray diffractometer (the Philips X'Pert) with Cu
Ko radiation (1=1.5406 A). Field emission scanning electron
microscopy (FE-SEM) images and energy dispersive X-ray
spectroscopy (EDX) analyses were obtained using a Sirion 200
FEG microscope, and the as-synthesized products were dispersed
on the Si substrate. The magnetic hysteresis loops were measured
by a vibrating sample magnetometer (VSM, Lake Shore 7410).

3. Results and discussion

Fig. 2(a) presents the powder XRD pattern of products
obtained at 190 °C for 10 h. All the diffraction peaks can be
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Fig. 2. Structure and morphology of Fe;0, synthesized at 190 °C for 10 h: (a) XRD patterns, (b) EDX data, and (c, d) FE-SEM images.



Y. Li et al. / Ceramics International 40 (2014) 1059-1063 1061

indexed to cubic-phase Fe;O,4, and match well with standard
cubic Fe;04 (JCPDS no. 65-3107). Elemental analysis (Fig. 2(b))
by EDX confirms the presence of Fe and O elemental
signatures. The Si signal comes from the substrate, and C
signal could be anticipated from the conducting resin during
measurements. Quantitative analysis reports that the atomic
ratio of Fe to O is about 3:4, as expected for the stoichiometric
composition of Fe;0,4. Fig. 2(c) and (d) give the representative
FE-SEM images of as-formed Fe;O4. The results depict
that the Fe3O, products are grass-like nanostructures with
diameters of 200-300 nm and lengths of tens of micrometers.
The surfaces of these well-developed Fe;0, are very smooth
and without obvious defects.

It is accepted that many internal or external factors determined
the final morphologies of the nanocrystals [28-30]. To better
understand the formation of Fe;O, products, several experiments
have been carried out under different conditions. First, the effect of
reaction temperature on the fabrication of Fe;O4 nanostructures
was studied. When the temperature was decreased to 140 °C and
other synthetic parameters were kept constant, only few irregular
short rods were received (Fig. 3(a)). When the temperature was

increased to 210 °C, uniform longer nanorods were obtained in
large quantity (Fig. 3(b)). It may be because the low temperature
increases the viscosity of the microemulsion, slowing down the
transfer rate of ions and decreasing the frequency of collisions
between ions, therefore, the crystal growth was also restricted. That
is, higher reaction temperature would result in higher reaction
velocity and then fine-structured Fe;O4 [31]. In addition, the
experiments revealed that the concentration of KOH is another
deciding factor influencing the structure of the final products.
When the concentration of KOH was reduced to 0.04 M, small
particles with an average diameter of ~30 nm were then assembled
into nanochains (Fig. 4(a)). While [KOH]=0.10 M, irregular
massive products instead of grass-like structures were generated
(Fig. 4(b)). This phenomenon could be explained by the fact that a
high concentration of KOH implies a high chemical potential. High
chemical potential is preferable for the growth of one-dimensional
nanomaterials [32]. However, higher OH ™ ion concentration may
disrupt the growth environment of the crystals [33]. Thus, there
exists an optimal concentration of KOH for the preparation of
grass-like nanostructures. What is more, we noticed that the reverse
microemulsion system profoundly impacts the morphology of the

Fig. 3. FE-SEM images of samples prepared in the presence of OP/n-octanol/cyclohexane system at varied temperatures for 10 h, with [KOH]=0.06 M. (a) and (b)

are corresponding to 140 and 210 °C, respectively.

Fig. 4. FE-SEM images of products synthesized in the presence of OP/n-octanol/cyclohexane system under different concentrations of KOH: (a) [KOH]=0.04 M,

and (b) [KOH]=0.10 M. All the samples were prepared at 190 °C for 10 h.
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Fig. 5. FE-SEM images of samples fabricated in the absence of OP/n-octanol/cyclohexane system at 190 °C for 10 h, with [KOH]=0.06 M.
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Fig. 6. Room-temperature magnetic hysteresis loops of the as-made Fe;O,
grass-like samples.

sample. Without adding OP/n-octanol/cyclohexane in the system
while keeping other factors fixed, it was found that only high yield
homogenous small nanoparticles were developed (Fig. 5(a)). These
nanoparticles can be clearly identified to be an ellipsoidal
morphology with the average longitudinal axis of 100 nm and
horizontal axis of 50 nm (Fig. 5(b)). Previous investigations
indicated that the reverse microemulsion system generally served
as surfactant-templating in the controlled synthesis of inorganic
nanoparticles. Obviously, in this experiment, the OP/n-octanol/
cyclohexane system was used as a structure-directing template for
the preparation of 1D grass-like nanostructure. The above experi-
mental results show that the reaction temperature, the concentration
of KOH and the restricting effect of the microemulsion play vital
roles in the morphology control, and the grass-like architectures
can only be formed and stabilized under certain circumstances. The
exact formation mechanism of the grass-like Fe;0, nanostructures
needs to be further explored.

It is well known that the magnetic properties of the material are
very sensitive to its size, morphology and structure [34].

Magnetic measurements of the grass-like Fe;O4 were investigated
using VSM with an applied field between 20,000 and 20,000 Oe
at room temperature. Fig. 6 lists the H-M loop of the as-
fabricated grass-like Fe;Oy,, the typical characteristics of super-
paramagnetic behavior were observed, namely almost immeasur-
able coercivity and remanence. Saturation magnetization (Ms)
was estimated to be 65.5 emu/g. It is smaller than the theoretical
value of bulk Fe;O, [35], but higher than that of the belt [36],
hollow sphere [37,38], and tube structure [12]. The difference in
Ms may be attributed to the size and shape anisotropy [14,39,40].
The in-depth research is still in progress.

4. Conclusions

In summary, we first synthesized the grass-like Fe;O4 nanos-
tructures in a reverse microemulsion system under solvothermal
treatment. The investigation of the influence factors illustrates that
the reaction temperature, the concentration of KOH and the reverse
microemulsion system are essential for the morphology control of
Fe;0, 1D nanostructures. The magnetization measurement eluci-
dates that the as-grown grass-like Fe;O, is superparamagnetic with
no hysteresis. These grass-like Fe;O,4 nanostructures gained from
the simple method could have potential applications in different
fields. And, this new convenient and sustainable method is
expected to be generally applicable for the fabrication of other
metal oxides with similar morphologies.
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