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ABSTRACT
Ferromagnetic FeCo nanoparticles were prepared by a simple one-pot polyol process and followed
by simple annealing treatment. The prepared ferromagnetic FeCo nanoparticles have spherical shape
and the size was controlled by the annealing temperature. Importantly, single FeCo phase was
obtained at 400°C and these samples have spherical shape and size about 50 nm. While at higher
temperature (at 600°C) the nanoparticles have very lower aggregation and have higher coercivity.
The prepared FeCo nanoparticle at low temperature with good magnetic properties is to be
considered as potential candidate for many applications.
Graphical Abstract

Figure 4. TEM images of FeCo nanoparticles prepared at 600C
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INTRODUCTION
High magnetization FeCo nanoparticles are to be considered as potential materials for the utilization
in various biological applications such as hyperthermia, magnetic resonance imaging, targeted drug
delivery, and other applications [1-4]. Many wet-chemical methods have been reported to prepare the
synthesis of FeCo nanoparticles that includes sol gel method [5], thermal decomposition [6],
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borohydride reduction [7], co-precipitation [8], chemical vapor deposition [9] and polyol process [4].
Among them the polyol process has many advantages over other methods because it is an ecofriendly, requires simple instrumentation and also cost effective route for the synthesis of magnetic
nanoparticles [10]. Literature methods suffer from the limitations via prolonged reaction time, use of
hazardous chemicals, undesirable oxide formation and complex synthesis setups [4, 11]. Thus
investigated on the polyol process to prepare the FeCo nanoparticles.
Many researchers reported the use of polyol to synthesize the FeCo nanoparticles. For example,
Kodama et al., prepared the FeCo nanoparticles using polyol process [12]. Karipoth et al., prepared
FeCo particles with different shapes by polyol method [13] and Huba et al., fabricated the FeCo
spherical particles using polyol process [14]. However, the reported polyol processes and followed by
high temperature annealing to obtain FeCo nanoparticles. Unfortunately, the high temperature
annealing processes yielded nanoparticles that have very high aggregation and also difficult to
suspend in water for many applications. In addition to that the high temperature annealing is an
energy consuming process. Thus, it is worthy of consideration to propose a simple route with low
temperature annealing process to prepare FeCo nanoparticles.
Since the polyol process is mostly effected by the alkali concentration and reaction temperature [4,
13], herein, we used exact boiling temperature of polyol solution and high concentration alkali. Then,
it is possible to get the FeCo nanoparticles at low temperature annealing. Moreover, we investigated
the possible annealing temperature to obtain pure phase FeCo and studied their magnetic properties.

MATERIALS AND METHODS
All reagents used in this investigation such as ferrous chloride tetrahydrate (FeCl24H2O), cobalt
chloride hexahydrate (CoCl26H2O), sodium hydroxide (NaOH), and ethylene glycol (EG) were
obtained from Sigma-Aldrich Co. and are used without any further purification.
FeCl2·4H2O, CoCl2·6H2O were suspended in ethylene glycol (EG) in a 1:1 stoichiometric ratio.
The resultant solution was heated up to the boiling temperature of polyol (EG) to enhance reduction
process and hydroxide ion concentration was regulated by adding NaOH (3 M) solution. It was kept
for 2 h under reflux condition then cooled down to room temperature with continuous stirring. After
that the solution was washed several times with ethanol and black colored nanoparticles were
collected by magnetic separation. The wet sample was then dried in an oven at 60°C for 12 h. To get
the crystalline particles, the as-synthesized particles were annealed at different annealing temperature
(350,400 and 600°C) with ramp rate of 5°C min-1 for 2-hours by passing pure hydrogen gas.
The nanoparticles morphology of the sample was observed by a Tecnai F-30 transmission electron
microscope (TEM) operated at 300 kV. X-ray diffraction (XRD) data of the as prepared powder
samples were obtained in the 2θ range of 20-80° using a Bruker AXS D8 advanced diffractometer.
Magnetization measurements of the typical samples were performed by using a vibrating sample
magnetometer (VSM, Lakeshore 7304) at room temperature.

RESULTS AND DISCUSSION
Figure 1 shows the XRD patterns of the prepared samples at different annealing temperatures. All of
the diffraction peaks for 400°C, 600°C annealed samples possessed the single phase of FeCo2, but the
350°C sample has additional peak which is corresponds to maghemite peak along the FeCo peaks [4].
Thus the 400°C and 600°C is the suitable condition to obtain pure FeCo phase without additional
phases.
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Figure 1. X-ray diffraction patterns of prepared samples.

The morphology of the prepared samples at 350°C was displayed in figure 2. It shows that two kinds
of particles were observed with different sizes. The reason for this could be that the annealing
temperature was not enough to get the pure phase. It was also evident that in XRD pattern for this
sample and has two phases. Therefore, the mixture of phases was found at this annealing temperature
and formed nanoparticles were aggregated and very small size of nanoparticles. While the single
FeCo phase are obtained at the annealing temperature about 400°C, and 600°C. At the 400°C, the
nanoparticles are in size of ~45 nm, as shown in figure 3.

Figure 2. TEM images of FeCo nanoparticles prepared
at 350C

Figure 3. TEM images of FeCo nanoparticles prepared
at 400°C.

Figure 4 shows the morphology of the nanoparticles prepared by annealing at 600°C. It clearly
shown that the particles size is about ~90 nm and are little agglomerated and larger in size when
compared to the other two samples which were annealed at lower temperature. In addition to this the
FeCo nanoparticles are most stable owing to the thin oxide layer coating on the surface [13], so it can
be exploited for wide variety applications.
The magnetic hysteresis curves of FeCo nanoparticles were obtained by a VSM (Figure 5) at room
temperature. Figure 5, indicated that the bigger FeCo nanoparticles (annealed at 600°C), shown the
higher saturation magnetizations (Ms) value of 122 emu/g, than other samples, whereas samples
annealed at 350, 400°C have the MS values of 87, 109 emu/g, respectively as the particle gets smaller,
the magnetic effective volume accounts for smaller proportion and the Ms value decreases [15]. The
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Figure 4. TEM images of FeCo nanoparticles prepared at 600C

coercivity (Hc) values are 101, 106 and 366 Oe for samples annealed at 350, 400 and 600°C,
respectively. It is found that both the Ms and Hc higher for the sample annealed at 600°C and lower for
350°C due to the size of the FeCo nanoparticles.

Figure 5. Magnetization curves of prepared samples.

APPLICATION
The prepared FeCo nanoparticles are exhibiting the ferromagnetic nature with strong MS values and
are useful for wide range of applications.

CONCLUSION
In summary, FeCo nanoparticles have been prepared through a one-pot polyol method via annealing
process. The effect of the annealing temperature on the size and magnetic properties of FeCo samples
was thoroughly explored. It is found that the annealing temperature plays a crucial role in controlling
the size and magnetic properties of nanoparticles. The prepared FeCo particles at 600°C showed
higher saturation magnetization, found air stable and are having many applications.
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