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Graphical abstract： 

 

 
 

The good dispersion of magnetite nanoparticles in the aqueous solution was due 

to the coulomb repulsion that decreased the aggregation degree of magnetite particles. 

Thus, magnetite nanoparticles with a quasi-superparamagnetic property can be 

obtained by the co-precipitation method. 

 

 

Highlights: 

 Magnetite nanoparticles were prepared in a weak basicity solution at the low 

reaction temperature by the co-precipitation method. 

 The double layer may be steadily formed on the surfaces of magnetite 

nanoparticles when the pH value of the aqueous solution was over 9. 

 Magnetite nanoparticles present a quasi-superparamagnetic property and a good 

dispersion in the aqueous solution.  
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Abstract 

Magnetite nanoparticles were prepared in a weak basicity solution at the low 

reaction temperature by the co-precipitation method. As a comparison, the oxidative 

precipitation method was also applied in this study. The structure, morphology, and 

other properties of the obtained samples were characterized by X-ray diffraction 

(XRD), Fourier transform infrared spectroscopy (FTIR), scanning electron 

microscope (SEM), transmission electron microscope (TEM), and 

thermogravimetric analysis (TGA). The above characterization data indicate that 

small size and narrow size distribution are found for magnetite nanoparticles prepared 

by the co-precipitation method. Further magnetic property and Zeta potential results 

illuminate that magnetite nanoparticles prepared by this method display a 

quasi-superparamagnetic property and a good dispersion in the aqueous solution. 

Based on the investigation results, the magnetite nanoparticles with a 

quasi-superparamagnetic property and a fine dispersion can be facilely prepared in a 

weak basicity solution at the low reaction temperature by the co-precipitation 

method.  

Key words: magnetite nanoparticles; superparamagnetic; co-precipitation; oxidative 

precipitation 

1. Introduction  

In recent few decades, magnetite (Fe3O4) nanoparticles have received extensive 

attention due to their superparamagnetic property and potential applications 

compared with the bulk magnetite in bigger size 1-4. Magnetite nanoparticles 
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may be applied in the following fields, such as data storage materials, catalyst, 

ferrofluids and drug delivery [5-7]. Therefore, many reports on synthesis and 

characterization of magnetite nanoparticles were continuously published in the 

papers because of its great significance in various fields.  

In view of potential applications of magnetite nanoparticles, the optimum 

magnetic property, morphology, and other physical properties were related to the 

synthesis methods. In the preparation process of magnetite nanoparticles, a few 

methods have been employed and recently developed, mainly consisting of 

co-precipitation method, sol-gel method, hydrothermal method, and electrochemical 

method [8-15]. Among these mentioned methods, co-precipitation method has been 

considered as a simple and convenient method for the synthesis of magnetite 

nanoparticles. But there is a problem that magnetite nanoparticles may be aggregated 

in the preparation process ascribed to the rapid crystallization speed of nanoparticles 

[16]. Furthermore, the aggregation of magnetic nanoparticles may also be related to 

their magnetic property. And thus the particle size distribution of the final product is 

broad.   

In order to solve the above problems, various techniques such as ultrasonic, 

mechanochemical method and microwave have been applied in the co-precipitation 

process [17-19]. Meanwhile, various organic reagents such as polyvinylpyrrolidone, 

cetyltrimethylammonium, and oleic acid were added in order to avoid the 

aggregation of magnetite nanoparticles in the synthesis process [20-22]. And thus 

magnetic nanoparticles were encapsulated by organic reagents and had an enhanced 
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dispersibility. But some properties such as purity and saturation magnetization of 

magnetite nanoparticles were decreased after the addition of organic reagents. 

Therefore, it was very attractive that the dispersity of magnetic nanoparticles was 

increased without using organic reagents by the co-precipitation method in the 

practice. 

In our present work, magnetite nanoparticles were successfully prepared in a 

weak basicity solution at low reaction temperature by the co-precipitation. As a 

comparison, the results of magnetite nanoparticles prepared by the oxidative 

precipitation were given in this study. The effects of preparation methods on structure, 

morphology and physical properties were discussed.  

2. Experimental 

2.1 Materials  

In this study, ferrous chloride tetrahydrate (FeCl2·4H2O), Ferric chloride 

hexahydrate (FeCl3·6H2O), aqueous ammonia (NH3·H2O, 28%) and hydrogen 

peroxide (H2O2, 30%) were chemically pure and purchased from Tianjin Baishi 

Chemical Reagent Co. Ltd. The distilled water was used in the solution preparation 

process. 

2.2 Preparation of magnetite nanoparticles 

    FeCl3•6H2O and FeCl2•4H2O were added to the distilled water by stirring of 500 

rpm in nitrogen at room temperature and the molar ratio was 2:1. And then the 

solution temperature was increased to 60 °C via heating in the water bath and the 

aqueous solution of ammonia (1.5mol L-1) was dropped as the water bath temperature 
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was 60 °C. The pH value of the solution was adjusted between 9 and 10. The 

solution was stirred at 60 °C for 3 h. At last, the precipitated magnetite was isolated 

by the magnet, washed several times with the distilled water and dried for 12 h at 

60 °C in a vacuum oven. Thus, the obtained sample was denoted as Sc. In addition, 

three repeated experiments were carried out and the product samples were 

denoted as Sc1, Sc2, Sc3, respectively. 

Oxidative precipitation method was also used in this study. FeCl2•4H2O were 

added to the distilled water by stirring of 500 rpm in nitrogen at room temperature. 

And then the solution temperature was increased to 60 °C and the aqueous solution of 

ammonia (1.5mol L-1) was dropped as the water bath temperature reached 60 °C 

while the pH value of the solution was adjusted in the range of 9 and 10. 

Furthermore, the aqueous solution of hydrogen peroxide was also dropped via using 

the FeCl2•4H2O to H2O2 molar ratio of 3:1. The solution was vigorously stirred at 

60 °C for 3 h. At last, the precipitated magnetite was separated by the magnet, washed 

several times with the distilled water and dried for 12 h at 60 °C in a vacuum oven. 

Thus, the obtained sample was denoted as So. 

2.3 Characterization 

Crystalline structures of magnetite nanoparticles were detected on an X-ray 

diffractometer (Bruker D8 Advance, Germany) equipped with Cu-Kα radiation at 40 

kV and 40 mA. Surface functional groups of the magnetite nanoparticles were 

obtained by a Fourier transform infrared spectroscopy (FTIR, Bruker, Tensor 27). 

Morphologies of magnetite nanoparticles were observed using a scanning electron 
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microscope (SEM, Zeiss, Merlin) and a transmission electron microscope images 

(TEM, JEOL, JEM-2010). Size distributions of nanoparticles were determined on a 

Mastersizer 3000. Magnetization measurements of nanoparticles were measured on 

a superconducting quantum interference device magnetometer at room temperature 

(SQUID, Quantum design MPMS3, USA). The thermogravimetric analysis was 

performed on a NETZSCH STA 449 F3 from room temperature to 700 °C in a 

nitrogen atmosphere at a heating rate of 10 °C / min. Zeta potentials of the 

samples were measured after the particles were dispersed in the distilled water with 

the pH value of 3 - 11. The zeta potential was obtained at least five measurements at 

the given pH value. Surface areas were measured at - 196 ℃  by using a 

Micromeritics ASAP 2020 gas adsorption analyzer. 

3. Results and discussion 

3.1 XRD analysis 

XRD patterns of magnetite nanoparticles are shown in Fig.1. From this figure, it 

can be seen that the characteristic peaks of the obtained samples are sharp and 

obvious. The result indicates that a good crystallinity of the magnetite was gained in 

the preparation process. Seven characteristic peaks were observed at 2 = 30.1°, 

35.5°, 43.1°, 53.5°, 57.1°, 62.7° and 74.1° which were attributed to the (220), (311), 

(400), (422), (511), (440) and (533) indices of the magnetite, respectively [23]. The 

above results are consistent with the standard pattern in JCPD file (PDF No. 

65-3107). The average sizes of magnetite nanoparticles could be calculated based on 

their XRD patterns according to Scherrer's formula and were given in Table 1. 
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Scherrer's formula, D = k/cos, where D is particle sizes, k is a constant 0.9,  is 

X-ray wavelength (0.15406 nm),  is diffraction angle,  is full-width at 

half-maximum of the diffraction line [24]. It is concluded that the particle size by 

co-precipitation method is less than that by oxidative precipitation method (Table 1), 

which may result in that XRD characteristic peaks of magnetite nanoparticles by the 

co-precipitation method are relatively broader than that by the oxidative precipitation 

method (Fig. 1). In order to illustrate the reproducibility of magnetite 

nanoparticles by the co-precipitation method, three repeated experiments were 

carried out. XRD patterns of the obtained samples were shown in Fig. 1. Three 

particle sizes were 12.6 nm (Sc1), 11.4 nm (Sc2) and 15.3nm (Sc3) calculated from 

Scherrer formula, respectively. The above results indicate that the similar 

magnetite nanoparticles can be repeatedly prepared by the co-precipitation 

method. 

3.2 FTIR analysis 

The FT-IR spectra of magnetite nanoparticles are shown in Fig. 2. The strong 

characteristic peaks of Fe-O functional group appeared at around 575 cm-1 indicating 

the formation of magnetite nanoparticles [25]. The characteristic peak of the bulk 

magnetite was 570 cm-1 [26, 27]. Compared to that of the bulk magnetite, the FTIR 

spectra of magnetite nanoparticles presented a blue shift and the characteristic peaks 

of magnetite nanoparticles were at around 575 cm-1. Two characteristic peaks were 

found at 3421cm-1 and 1628 cm-1 attributed to the stretching vibration of O-H bond 

and the bending vibration of O-H bond, respectively [28, 29]. The presence of O-H 
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bond may be related to OH groups on magnetite nanoparticles and water molecules 

adsorbed on the surfaces of magnetite nanoparticles. In addition, compared Fig. 2a 

with Fig. 2b, two characteristic peaks of O-H bond in magnetite nanoparticles by the 

co-precipitation method were higher than those in magnetite nanoparticles by the 

oxidative precipitation method. The result may be due to the fact that the surface area 

of magnetite nanoparticles by the co-precipitation method (80.4 m2 / g) was larger 

than that of magnetite nanoparticles by the oxidative precipitation method (49.3 m2 / g) 

(Table 1). Nanoparticles can exhibit high surface-to-volume atomic ratio, high surface 

activity, and amount of dangling bonds on the surface. The larger the surface area is, 

the more OH groups are formed and the more molecules are adsorbed.  

3.3 Structure and morphology 

     The morphologies of magnetite nanoparticles are shown in Fig. 3. From Fig. 3a 

and Fig. 3b, it can be observed that magnetite nanoparticles prepared by the 

co-precipitation method are all sphere-like structures while those prepared by the 

oxidative precipitation method are oval-shaped structures. In Fig. 3a and Fig. 3b, it 

can be found that magnetite nanoparticles prepared by the oxidative precipitation 

method are relatively seriously aggregated. In order to observe and determine the 

accurate sizes of magnetite nanoparticles, TEM images of magnetite nanoparticles 

were investigated as presented in Fig. 3. From Fig. 3c and Fig. 3d, the average sizes 

of nanoparticles were around 14.4 nm and 28.6 nm, respectively. As shown in Table 1, 

the average sizes of nanoparticles based on TEM were well coincident with those 

calculated from XRD patterns according to Scherrer's formula 30.  
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The size distributions were recorded by measuring the particle sizes of the 

obtained samples and the histograms have been shown in Fig. 4. For co-precipitation 

method (Fig. 4a), the size of particles is changed from 10.9 to 26.4 nm and the 

average size is 15.3 ± 0.3 nm. For oxidative precipitation method (Fig. 4b), a fairly 

large size varies in the range of 19.7 to 85.5 nm and the average size is up to 30.4 ± 

0.9 nm.  From Table 1, it can be seen that the particle sizes measured by the size 

distribution technique were slightly larger than those determined by XRD and TEM 

and may be larger than the real sizes 31. In addition, from Fig. 4, it can be found that 

the size distribution of particles via the co-precipitation method is relatively narrow 

and the particle sizes are also small based on the above results.  

3.4 Magnetic property 

The magnetic properties of magnetite nanoparticles were investigated and the 

magnetization curves were shown in Fig. 5. From Fig. 5a, the saturation 

magnetization value of magnetite nanoparticles was 67.8 emu/g when the external 

magnetic field was increased up to 20,000 Oe. At the same time, it can be found that 

there was a very slight hysteresis in the hysteresis loop and the values of the coercive 

field (Hc) and the remanent magnetization (Mr) were 9.5 Oe and 1.8 eum/g (Fig. 5a, 

red inset and Table 1), respectively. Therefore, it is concluded that magnetite 

nanoparticles prepared by the co-precipitation method present a quasi- 

superparamagnetic property [32-34]. From Fig.5b, the saturation magnetization value 

of magnetite nanoparticles was 73.2 emu/g when the external magnetic field was 

increased up to 20,000 Oe. But, there was an obvious hysteresis in the hysteresis loop 
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and the values of the coercive field (Hc) and the remanent magnetization (Mr) were 

73.6 Oe and 11.8 eum/g (Fig. 5b, blue inset and Table 1), respectively. Magnetite 

nanoparticles present a superparamagnetism when the particle size is less than about 

30 nm [23]. Based on the size distribution results, the sizes of particles are in the 

range of 10.9 to 26.4 nm for the co-precipitation method and 19.7 to 85.5 nm for 

the oxidative precipitation method, respectively. When magnetite nanoparticles 

were prepared by the oxidative precipitation method, there was a certain part of 

particles beyond 30 nm, and thus an obvious hysteresis in the hysteresis loop was 

given. In addition, the saturation magnetization values of magnetite nanoparticles via 

two above synthesis methods are less than the saturation magnetization value of the 

bulk magnetite [35]. This phenomenon may be due to the smaller size of magnetite 

nanoparticles and their surface disorder. When the size of the nanoparticles decreased, 

the surface of the nanoparticles increased as mentioned in Table 1. And thus more 

canted or disordered spins were presented, which resulted in the increase of the 

surface spins disorientation. At last, the saturation magnetization value decreased 

[36]. 

3.5 Thermogravimetric analysis 

Two weight changes of magnetite nanoparticles with the increase of the 

heating temperature were investigated by thermogravimetric analysis as shown 

in Fig. 6. Curve (a) shows that the first weight loss from room temperature to 

150 °C was about 0.5%, which was due to physically adsorbed water molecules 

on the surfaces of magnetite particles [37]. The further weight loss between 
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150 °C and 370 °C was about 1.3%, which was assigned to chemisorbed water 

molecules and the dehydroxylation of magnetite particles [38, 39]. When the 

heating temperature increased up to 700 °C, the final weight loss was about 1.3%, 

which may be ascribed to the phase transition of magnetite to iron (II) oxide 

because of the stable phase of iron (II) oxide at higher temperatures [40]. Curve 

(b) shows a similar variation to curve (a). However, the total weight loss of the 

curve (a) was more than that of the curve (b), which was due to the properties of 

magnetite particles (Sc) including small particle size, large surface area and 

abundant hydroxyls based on the characterization results of XRD, FTIR and 

surface area. In addition, the total weight losses were about 3.1% (Sc) and 2.3% 

(So) between room temperature and 700 °C, respectively, indicating both samples 

displayed a favorable thermal stability. 

3.6 Zeta Potential measurement  

The zeta potential was measured as a function of pH for magnetite particles 

prepared by the co-precipitation method as shown in Fig. 7. From this figure, it can be 

seen that the isoelectric point of magnetite particles is in the pH range of 3 to 4 and 

decreased compared to the published papers [12, 41, 42] due to a large number of OH 

groups on its surface according to the FTIR result. The phenomenon indicates that the 

magnetite particles may be stably suspended in the aqueous solution with a broader 

pH value. With the increase of pH value, the zeta potential value of magnetite 

particles constantly decreased. When the pH value was over 9, the zeta potential value 

was about - 31 mV. Magnetic metal oxide particles in the aqueous solution are usually 
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in the form of M-OH ((M, metal atom; OH, hydroxyl). As shown in Scheme 1, when 

the pH value of the aqueous solution increased M-OH tended to release H+ resulting 

in the transformation of MO-. Thus the double layers formed on the surfaces of the 

metal oxide particles. The aggregation degree of magnetite particles was decreased 

due to the Coulomb repulsion, which contributed to the good dispersion of magnetite 

nanoparticles in the aqueous solution [43]. Therefore, magnetite nanoparticles in the 

aqueous solution with a good dispersion were obtained and showed a quasi- 

superparamagnetic property by the co-precipitation method.  

4. Conclusions  

Magnetite nanoparticles were prepared by the co-precipitation method and the 

oxidative precipitation method in a weak basicity solution at the low reaction 

temperature. XRD results indicate that magnetite nanoparticles have been prepared by 

two methods. Thermogravimetric analysis indicates both samples display a 

favorable thermal stability. According to FT-IR spectra, the amount of OH groups 

on the surface area of magnetite nanoparticles by the co-precipitation method was 

more than that of OH groups on the surface area of magnetite nanoparticles by the 

oxidative precipitation method. TEM and size distribution results illuminate that a 

fairly narrow size of magnetite nanoparticles was obtained by the co-precipitation 

method. Magnetization measurement confirms a quasi-superparamagnetic property 

and zeta potential measurement shows a good dispersion of magnetite nanoparticles 

in the aqueous solution. Therefore, the water-dispersible and 

quasi-superparamagnetic magnetite nanoparticles can be prepared by the 
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co-precipitation method. 
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Captions for figures and tables: 

Fig. 1. XRD patterns of magnetite nanoparticles: (a) co-precipitation method; (b) 

oxidative precipitation method. 

Fig. 2. FT-IR spectra of magnetite nanoparticles prepared by (a) co-precipitation 

method; (b) oxidative precipitation method.  

Figure 3. SEM and TEM images of magnetite nanoparticles: (a), (c) co-precipitation 

method; (b), (d) oxidative precipitation method; (scale bars in figures are 100 nm). 

Fig. 4. Size distributions of magnetite nanoparticles: (a) co-precipitation method; (b) 

oxidative precipitation method.  

Fig. 5. Field dependent magnetization curves for magnetite nanoparticles prepared by 

(a) co-precipitation method, red inset is the magnification of the magnetization curve 

in the mangnetic field from -100 Oe to 100 Oe; (b) oxidative precipitation method, 

blue inset is the magnification of the magnetization curve in the mangnetic field from 

-200 Oe to 200 Oe. 

Fig. 6. Thermogravimetric analysis curves: (a) co-precipitation method; (b) 

oxidative precipitation method. 

Fig.7. Zeta potentials of magnetite nanoparticles prepared by co-precipitation 

method. Five measurements were at least conducted for each condition, and the 

error bars represented the standard deviations. 

Table 1. List of particle sizes, Mr, Hc, and surface areas of the samples. 

Scheme 1. The dispersion process of magnetite nanoparticles in the aqueous solution. 
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Fig. 1. XRD patterns of magnetite nanoparticles: (a) co-precipitation method; (b) 

oxidative precipitation method. 
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Fig. 2. FT-IR spectra of magnetite nanoparticles prepared by (a) co-precipitation 

method; (b) oxidative precipitation method. 
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Fig. 3. SEM and TEM images of magnetite nanoparticles: (a), (c) co-precipitation 

method; (b), (d) oxidative precipitation method; (scale bars in figures are 100 nm). 
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Fig. 4. Size distributions of magnetite nanoparticles: (a) co-precipitation method; (b) 

oxidative precipitation method. 
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Fig. 5. Field dependent magnetization curves for magnetite nanoparticles prepared by 

(a) co-precipitation method, red inset is the magnification of the magnetization curve 

in the mangnetic field from -100 Oe to 100 Oe; (b) oxidative precipitation method, 

blue inset is the magnification of the magnetization curve in the mangnetic field from 

-200 Oe to 200 Oe. 

ACCEPTED M
ANUSCRIP

T



100 200 300 400 500 600 700
92

94

96

98

100

 

 
W

e
ig

h
t 
(w

t%
)

Temperature (
o
C)

a

b

 

Fig. 6. Thermogravimetric analysis curves: (a) co-precipitation method; (b) 

oxidative precipitation method.
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Fig. 7. Zeta potentials of magnetite nanoparticles prepared by co-precipitation method. 

Five measurements were at least conducted for each condition, and the error 

bars represented the standard deviations. 
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Table 1. List of particle sizes, Mr, Hc, and surface areas of the samples.  

Magnetite dXRD (nm) DTEM (nm) D c (nm) Mr (emu.g-1) Hc (Oe) surface area 

(m2/g) 

Sc
a 13.6 14.4 15.3 ± 0.3 1.8 9.5 80.4 

So
b 27.4 28.6 30.4 ± 0.9 11.8 73.6 49.3 

a. co-precipitation method;  b. oxidative precipitation method; c. determined by a Mastersizer 

3000 
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Scheme 1. The dispersion process of magnetite nanoparticles in the aqueous solution. 
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