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ABSTRACT 

Superparamagnetic Fe3O4 nanoparticles with a diameter of 10 nm were successfully synthesized by a facile and one-

step solvothermal route, using ethylene glycol (EG) as reaction solvent, FeCl3·6H2O and urea as the starting 

materials, using citric acid and a magnet as particle modifier and inducer. X-ray diffraction (XRD), transmission 

electron microscopy (TEM), and physical property measurement system (PPMS) were used to characterize the 

products. The results show that magnet play an important role in the formation of superparamagnetic Fe3O4 

nanoparticles with saturation magnetization (Ms) of 25 emu/g. Without the presence of citric acid and magnet in 

solvothermal preparation process, flowerlike Fe3O4 hollow spheres with the diameter of approximately 130nm were 

prepared, which exhibits a ferromagnetic behavior at room temperature with Ms of 81 emu/g, as well as a coercivity 

(Hc ) of 71 Oe. Nevertheless, under the presence of citric acid only, solid and spherical Fe3O4 nanoparticles with the 

diameter of 100nm can be obtained, which had a Ms of 51 emu/g.  

 

Keywords: solvent thermal synthesis, superparamagnetic magnetite nanoparticle,magnetite hollow sphere, 

magnetic property. 

 

1.    INTRODUCTION 

As a very important magnetic functional materials, nanostructural magnetite (Fe3O4) has many special properties 

such as hydrophilic, biological compatibility, non-toxic as well as high chemical stability, and have aroused 

extensive attention because of their potential applications in ferrofluids, high density magnetic recording media, 

catalysts, colored pigments, magnetic resonance imaging (MRI), and environmental adsorbent [1-3]. Up to now, 

various nanostructures of magnetites, such as nanoparticles, nanospheres, nanorods, nanowires, nanotubes, 

nanopyramids, nanooctahedra, flowerlike nanostructures, and hollow sphere, have been prepared by a variety of 

methods [4-7]. Since Fe3O4 is a metastable compound, and it is still not easy to obtain nanostructural magnetite 

because of agglomeratation of nanoparticles and complicated treatment, to explore a simple and effective 

preparation method for nano-materials is still a common aspiration of our researchers. Among these preparation, 

hydro-or solvothermal method receives much attention because of simple process, cheap equipment, batch 

production, directly access to good crystallization powder without baking cheat treatment as well as control of 

different grain shape. 

In this study, we present a facile, one-step and magnet-induced solvothermal approach to obtain superparamagnetic 

Fe3O4 nanoparticles, using ethylene glycol (EG) as reaction solvent, FeCl3·6H2O and urea as the starting materials, 

and directly adding a magnet into Teflon-lined stainless steel autoclave as a inducer. 

 

2.    EXPERIMENTAL SECTION 

All the analytical chemicals were purchased from Shanghai Chemical Reagents Company and used as-received 

without further purification. In a typical experimental procedure for preparing superparamagnetic Fe3O4 

nanoparticles, ferric chloride hexahydrate (FeCl3·6H2O) (6g) and urea (10g) and citric acid (1.6g) were loaded into a 

100 mL Teflon-lined stainless steel autoclave, which was then filled with 60mL absolute EG. Then a square and 

stainless small magnet was added into the autoclave, and the autoclave was sealed and maintained at 200℃ for 18 h. 

After cooling to room temperature naturally, the black products were filtered off, washed with distilled water and 

absolute ethanol for several times, and dried in vacuum at 50℃ for 12 h. In contrast, on the basis of the above-

mentioned preparation procedure and scheme, the corresponding products were prepared by only adding citric acid 

(1.6g) or without adding both citric acid and magnet, respectively. 

The XRD patterns of the as-synthesized powders were recorded at 293 K on a Bruker Advance D8 X-ray powder 

diffractometer equipped with a rotating anode using Cu Kα radiation and a diffracting beam monochrometor over 

the 2θ range of 20–80
o
. TEM images were taken on the transmission electron microscope ( JEOL JEM-2010, 

JAPAN) at an accelerating voltage of 200 kV. The magnetic measurement was carried out in Quantum Design 

(MPMSXL-9,USA) at 300K and scanning velocity of 100 Oe/s.  
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3.    RESULTS AND DISCUSSION 

XRD patterns of the products prepared by a solvothermal method under different conditions was shown in Figure 1. 

In the case of as-synthesized product under the absence of both magnet and citric acid (Fig.1c), the sharp and strong 

diffraction peaks at 2θ=30.1° (d=2.9635Å), 2θ=35.46° (d=2.5291Å), 2θ=43.14° (d=2.0994Å), 2θ=57.0° 

(d=1.6165Å)，2θ=62.57° (d=1.4832Å) appeared, which are corresponding to (220), (311), (400), (422), (511) 

crystallographic plane of standard cubic Fe3O4 (JCPDS No:85-1436), which indicate that the products was pure 

Fe3O4. As also shown in Fig.1, for the as-synthesized products under the presence of only citric acid (Fig.1a) or 

under the presence of both magnet and citric acid (Fig.1b), their XRD patterns are both quite similar to the XRD 

patterns of pure Fe3O4 (Fig.1c), and the difference among them is that their diffraction peak intensity and the 

diffraction peak width were decreased and widened gradually, respectively, moreover no other diffraction peaks 

were observed. Based on the above-mentioned XRD analysis, the above-mentioned products prepared by the 

solvothermal method were all pure Fe3O4 powder. 

 

 
Figure 1: XRD patterns of samples prepared by a solvothermal method on different condition (a: presence of only 

citric acid; b: presence of both magnet and citric acid; c: absence of both magnet and citric acid ) 

 
Figure 2:TEM micrograph of as-synthesized samples via a solvothermal method under different conditions (A: 

presence of only citric acid; B: presence of both magnet and citric acid; C: absence of both magnet and citric acid ) 
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The TEM image of the products as-synthesized using a solvothermal method under different conditions is shown in 

Figure 2. It can be clearly seen that the magnet-induced as-synthesized products (Fig.2B) consist of spherical nano-

sized particles which are loosely agglomerated together, and its average diameter of the nanosized particle is only 10 

nm or so. Furthermore, from the TEM image (Fig.2A)of products as-prepared under the presence of citric acid only, 

we can observe that the diameter of solid and spherical nanoparticles is in the range of 80- 110nm. However, from 

the TEM image (Fig.2C) of products as-synthesized under the absence of both magnet and citric acid, we can see 

that its morphologies is completely different from the above-mentioned two kinds of particles, the average diameter 

of spheroid and flowerlike particles is 130nm, and some hollow spheres can also be seen, which indicated that the 

solvothermal method under the absence of both magnet and citric acid can obtain nanosructured Fe3O4 hollow 

sphere. 

Figure 3 shows the magnetic hysteresis curves at room temperature for the products prepared by the solvothermal 

method under different conditions. From the magnetic hysteresis curves (Fig.3a), it was seen that the saturation 

magnetization (Ms) of the magnet-induced as-prepared Fe3O4 sample is 25 emu/g, and no coercivity (Hc )or remance 

could be observed, indicating the superparamagnetic behavior. It is directly attributable to its diameter of only 10 

nm. From the magnetic hysteresis curves (Fig.3b), it can be found that Ms of the citric acid-decorated Fe3O4 is 51 

emu/g, and its Hc is 16 Oe. Moreover, From the magnetic hysteresis curves (Fig.3c) of Fe3O4 hollow sphere, its 

magnetic property is best, and it exhibits a ferromagnetic behavior at room temperature with a highest Ms of 81 

emu/g, as well as a Hc of 71 Oe. It is because that every Fe3O4 hollow sphere consist of a lots of Fe3O4 

nanoparticles, and every Fe3O4 nanoparticle can be considered as a single magnetic domain particle, so every Fe3O4 

hollow sphere can be a combination of many magnetic domain particles, indicating that its Ms is higher than solid 

Fe3O4 nanoparticles [8].  

 

 
Figure 3: Magnetic hysteresis loops at room temperature for the different samples prepared by the 

solvothermal method on different condition (a: presence of both magnet and citric acid; b: presence of only 

citric acid; c: absence of both magnet and citric acid ) 

 

For the formation mechanism of above-mentioned different Fe3O4 particles, on the basis of the experimental facts 

and the literature [5-6, 8-9], we think that magnet and citric acid play an important role in the formation of 

superparamagnetic Fe3O4 nanoparticles. It is well-known that citric acid is a small molecular of good 

biocompatibility and usually as a surface modifier. In the solvent thermal preparation, it can improve 

biocompatibility of as-synthesized superparamagnetic Fe3O4 nanoparticles, and it can increase the steric interaction 

and electrostatic repulsion interaction between particles and can weaken agglomeratation of nanometer Fe3O4 

particles or prevent them from assemblement into microspheres, which result in nanocrystallization and 

solidification of Fe3O4 particle. Magnet induction is similar to external magnetic field, it can result in the dipole-

dipole interactions between adjacent magnetic nanoparticles and the formation of anisotropic structures, which can 

avoid further reunion between nanoparticles such that particle size decreased significantly. Meanwhile, it is well 

known that its main formation of Fe3O4 hollow sphere is based on the Ostwald ripening mechanism.  
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4.  CONCLUSIONS 

In summary, superparamagnetic Fe3O4 nanoparticles with a diameter of 10 nm were successfully synthesized by a 

facile and one-step solvothermal route via magnet-induction and citric acid-decoration, using EG as reaction solvent, 

FeCl3·6H2O and urea as the starting materials, and its Ms of 25 emu/g. Decoratation of citric acid was helpful to 

obtain solid and spherical Fe3O4 nanoparticles with the diameter of approximately 100nm and Ms of 51 emu/g. 

Under the absence of both magnet and citric acid in the solvent thermal process, flowerlike magnetite hollow sphere 

with the diameter of approximately 130nm were obtained, which exhibits a ferromagnetic behavior at room 

temperature with Ms of 81 emu/g, as well as a Hc of 71 Oe.  
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