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A new method for the synthesis of magnetite/ hematite/ iron nanocomposites (MHINC) is introduced. 

In this method, a low-voltage arc is discharged between two iron electrodes in distilled water while an 

external magnetic field with the nominal power of 0.4-1.6 T is applied during synthesis. The measured 

magnetic field exactly on the anode tip is 80 to 210 mT. By arc discharge, iron is oxidized to iron 

oxides. The synthesized samples are characterized by SEM, TEM, XRD and VSM techniques. The 

sizes distributions of some samples are identified by dynamic light scattering (DLS) test. The obtained 

results show the presence of the external magnetic field can decrease the particle sizes and also 

increases the saturation of magnetization and the transformation rate of iron into iron oxide in 

nanocomposite. 
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1. INTRODUCTION 

Iron- based nanomaterials are mainly consisted of zero valent iron and iron oxides. The most 

common oxides are magnetite (Fe3O4), hematite (α-Fe2O3) and maghemite (γ-Fe2O3). Magnetite is a 

ferromagnetic material and has the strongest magnetism between iron oxides. Hematite is weakly 

ferromagnetic and extremely stable at ambient conditions. Maghemite also has a few ferromagnetic 

properties and metallic iron is fully ferromagnetic. Characteristics of these iron oxides are mostly the 

trivalent state of iron, low solubility, relatively low toxicity and biodegradability.  

Magnetic iron oxide nanocomposites have shown the distinctive chemical, catalytic, electronic 

and magnetic properties. These unique properties have been so beneficial for a wide range of scientific 
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and technical applications, including catalyst for many chemical reactions [1], gas sensors [2], 

semiconductors [2], pigments [3] and coatings [4], magnetic recording [5], magnetic data storage 

devices [6], toners and inks for xerography [7], magnetic resonance imaging [8], wastewater treatment 

[9], bioseparation [9] and targeted drug delivery in  medicine[10, 11].  

Magnetic properties such as saturation magnetization are known to be closely related to the 

morphology and size of magnetic materials and narrow particle size distribution is one of the 

imperatives of their synthesis [12-14]. 

Different methods have been proposed for the synthesis of iron oxide nanocomposites, like 

hydrothermal reactions [15], chemical precipitation [16], Chemical vapor deposition [17], 

microemolusion [18], sol-gel synthesis [19], solid phase pyrolysis [20] and electrochemical deposition 

[21]. Karami et. al. (2013) reported a simple and low cost method for the synthesis of iron oxide 

nanocomposites by low voltage arc discharge method in aqueous media [22]. Recently, some syntheses 

have done in the presence of an external magnetic field which affected the growth size and 

composition of iron synthesized nano structures [23-26]. 

Sano et al published two paper about the arc discharge between two carbon electrodes in water 

as a new technique to synthesize carbon nanomaterials [27,28]. Fan et al in 2007 used arc discharge 

between graphite cathode and iron anode in water to synthesize magnetite nanoparticles in large scale 

[29]. Wang et al reported the arc discharge between iron filaments in sodium chloride solution to 

synthesize magnetite powder [30]. In the current work, we used arc discharge between two iron 

electrodes in water to synthesize magnetite/ hematite/ iron nanocomposite (MHINC) in the presence of 

an external magnetic field. The prepared nanocomposites were characterized by Transmission Electron 

Microscopy (TEM), X-Ray Diffraction (XRD), Scanning Electron Microscopy (SEM), Dynamic light 

Scattering (DLS) and Vibrating Sample Magnetometer (VSM) techniques. As it was expected, 

magnetic field decreases the grain size of nanocomposites and led to more homogeneity in the 

distribution of phases in nanocomposites [31]. 

 

 

 

2. EXPERIMENTAL 

2.1. Materials 

The presented method is a green chemical synthesis method and requires no chemicals. Only 

distilled water was used in all experiments. Two iron electrodes with a narrow bent tip used very close 

together to make the electrical arc in distilled water media. 

 

2.2. Instruments 

A 30 V- 10 A power supply (made in China) was coupled with a 50 V- 10 A power supply 

(made in china) in series in order to provide the required voltage for the arc. The external magnetic 

field is supplied by using 0.4 T rectangular cube (7cm×5cm×2cm) permanent NdFeB magnets 

arranged in parallel and perpendicular positions to the surface of electrodes, which superimpose 
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magnetic fields of 80 to 210 mT measured using home-made Gauss meter exactly on the anode tip. 

The temperature of the solution was kept constant in a Pars Azma water bath (Iran). The structures of 

the synthesized nanocomposites were characterized  by XRD Shimadzu 6000 used Cu (Kα) incident 

radiation. The TEM P(hilips EM208) and the SEM (Hitachi 4160) were used to determine the 

morphology and the particle size. The saturation magnetization of nanoparticles was determined by the 

VSM Lake Shore 7200 from USA. Size distribution diagrams of the samples were obtained by DLS 

(Malvern, Zetasizer Nano ZS3600). 

 

2.3. Synthesis procedure 

Synthesis of MHINC was performed in the set up of electric arc between two iron electrodes 

immersed in 150 ml distilled water at the temperature of 40 °C. It should be noted that with the 

establishment of an arc, the temperature can rise locally to 3500 °C but, by putting the electrochemical 

cell in a water bath, the solution temperature is kept constant at 40 °C. However, when the temperature 

reached over 40 °C, the synthesis is stopped to drop. The tips of the electrodes were placed facing each 

other with a gap of 1 mm.  

 
 

Figure 1. Experimental set up for MHINC synthesis; Electrochemical cell (A), magnets Array (B) and 

image of the experimental setup (C). 

 

The arc chamber was put in the assembled magnetic field device (Fig. 1). The dimensions of 

electrodes are also shown in Fig. 1. In 0.4- 1.6 T magnetic field MHINC samples were synthesized by 
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anodic oxidation of iron electrode. I all experiments, the power supply provides average 80 V dc 

voltage between anode and cathode tubes with the average operating current of 1 A. During arc 

discharge, some iron is plucked from the electrode tip and the magnetite/ hematite/ iron nanocomposite 

is formed. When the synthesis was completed (average synthesis time was 30 min), the reaction 

solution was heated to 90°C then, the nanocomposite precipitation was separated from solution by the 

membrane filtration (Cellulose acetate membrane with pore diameter of 0.45 μ). Finally, the filtered 

sample is dried at ambient temperature. The prepared nanopwder was analyzed by SEM, XRD, TEM 

and DLS. All experiments were conducted at atmospheric pressure. 

 

 

 

3. RESULTS AND DISCUSSION 

Synthesis of MHINC samples was done as described in section 2.3. To investigate the effects 

of external magnetic field, five syntheses were performed. First synthesis was done without any 

magnetic field. Second synthesis was performed in the presence of one 0.4 T magnet. In next 

experiments, two, three and four magnets (each magnet is 0.4 T) were used, respectively. The effects 

of magnetic fields, applying during synthesis of MHINC have studied in five conditions as followings: 

S1: Synthesis without magnetic field 

S2: Synthesis in the presence of one vertical magnet parallel to the electrodes (Nominal 

magnetic field is 0.4 T and the measured magnetic field on the surface of anode tip is 80 mT ) 

S3: Synthesis in the presence of two vertical magnets on both sides of electrodes (Nominal 

magnetic field is 0.4 T and the measured magnetic field on the surface of anode tip is 150 mT) 

S4: Synthesis in the presence of two vertical magnets on both sides of electrodes and third 

magnet in the horizontal position perpendicular to the two previous magnets (Nominal magnetic field 

is 0.4 T and the measured magnetic field on the surface of anode tip is 180 mT) 

S5: Synthesis in the presence of two vertical magnets on both sides of electrodes and third and 

fourth magnets in the horizontal positions and perpendicular to the two previous magnets (Nominal 

magnetic field is 0.4 T and the measured magnetic field on the surface of anode tip is 210 mT) 

 

 
A 
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Figure 2. SEM images of MHINC samples synthesized in the presence of different magnetic fields; (a) 

without magnetic field, (b) 0.4 T, (c) 0.8 T, (d) 1.2 T, and (e) 1.6 T magnetic field. 

      

SEM images provide the information about the size and shape of the synthesized samples. 

Figure 2 Shows the SEM images of MHINC samples synthesized in the above mentioned conditions, 

which indicate that some samples consisted of nano- scale particles with uniform distribution. All 

particles have the same spherical morphology. 

All SEM images were analyzed by Microstructure measurement software to determine the 

average particles sizes. The calculated data were summarized in Table 1. 

 

Table 1. SEM and DLS data for size distribution and the average particles sizes of the fives MHINC 

samples synthesized under different magnetic field power. 

 
Synthesis Number 

of magnets 

Particles size 

Distribution (NM) 

 Average 

Particle size (NM) 

  SEM DLS  SEM DLS 

S1 0 120-160 110-148  140 128 

S2 1 70-110 71-95  90 82 

S3 2 65-90 53-82  87 66 

S4 3 5-20 1-13  12 7 

S5 4 5-22 1-13  13 8 
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 To confirm the calculated particles sizes based on SEM images, all samples were examined by 

DLS technique (Fig. 3). All data of DLS diagrams for the size distribution of five synthesized samples 

were shown in Table 1 to compare with SEM results. As can be seen in Table 1, by increasing the 

number of magnets, the average particles sizes is reduced considerably. The results in the presence of 3 

and 4 magnets are not different. Therefore, applying a nominal magnetic field of 1.2 T (3 magnets) to 

achieve the narrow range and the smallest average particle size is sufficient. 

 

 
(S1) 

 
(S2) 

 
(S3) 
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(S4) 

 
(S5) 

 

Figure 3. DLS diagrams of 5 MHINC samples (S1 to S5). 

 

MHINC samples consisting three components with ferromagnetic properties including 

magnetite, hematite and zero- valent iron. Therefore, it is expected that applying an external magnetic 

field around the synthesis cell can control the crystal growth and the particles sizes of the synthesized 

ferromagnetic particles [32]. When arc is formed between two electrodes, iron plasma may be formed 

in the space between the two electrodes but, there is no scientific evidence in this regard. Due to the 

low voltage, weak arc discharge between the electrodes is established. During the process, iron is 

oxidized into the Fe
2+

 and Fe
3+

 ions and together with some iron atoms enter to the space between two 

electrodes. The presence of the magnetic field can affect on the location of iron ions and iron atoms in 

the crystal lattice. On the other hands, the formed nanocomposite particle is attracted by the magnetic 

field and removed from the space between the two electrodes. Thus, the particle growth will stop. 

Based on previous reports, applying external magnetic field around the synthesis cell can 

change the magnetic properties of the synthesized magnetic materials [33,34]. The magnetization 
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saturation of all samples was studied. Fig. 4 shows magnetization curves of five samples as a function 

of an applied magnetic field at 273 K. Comparing of five (M-H) loops shows that all samples have 

similar reversibility, but the saturation of magnetization is increased when the external magnetic field 

is increases. Because, upon formation of Fe
2+

 and Fe
3+

 ions between anode and cathode, external 

magnetic field forces them to sit in the crystal lattice with a specific orientation according to the 

magnetic field direction. This magnetic orientation causes to synthesize a nanocomposite sample with 

high magnetization saturation. On the other hands, as previous reports, arrangement of ferromagnetic 

nanocrystals during synthesis is strongly affected via external magnetic field [35,36]. 

 

-100

-80

-60

-40

-20

0

20

40

60

80

100

-20000 -15000 -10000 -5000 0 5000 10000 15000 20000

Magnetic Field (G)

M
o

m
e

n
t/

m
a

s
s

 (
e

m
u

/g
)

S1

S2

S3

S4

S5

 
 

Figure 4. Magnetization as a function of an applied magnetic field MHINC samples synthesized under 

different power of external magnetic fields at 273 K; 0 T (S1), 0.4 T (S2), 0.8 T (S3), 1.2 T 

(S4) and 1.6 T (S5). 

 

In semi-quantitative analysis by XRD, by comparing the integrated intensities of the diffraction 

peaks from each of the known phases, their fraction can be identified. Based on this method, the phase 

structure and the composition of the samples (S1
,
 S4 and S6) were characterized by XRD (Fig. 5). 

Synthesis 6 (S6) was done according to S4, but without heating before filtration. The results of phase 

analysis of S1, S4 and S6 by XRD are summarized in Table 2. The presented results show that the 

presence of external magnetic field around the synthesis cell changes not only the morphology and the 

particles sizes of MHINC sample but also changes the sample composition. The presence of 1.2 T 

magnetic field considerably increases magnetite content from 39 %wt to 56 %wt by transforming of 

zero- valent iron while, it makes a little decrease in hematite content of the sample (from 33 %wt to 30 
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%wt). Upon formation of magnetite particle on the tip of electrode, magnetic field removes it from the 

electrode surface and attracts it. Therefore, the physical and chemical conditions for the synthesis of 

magnetite rather than hematite are ready. 

To study the effect of heating after synthesis, the XRD patterns of samples 4 (S4) is compared 

with sample 6 (S6). In Fig. 5c, apparent peaks at 2θ of 44° and 64° indicate the transforming of zero- 

valent iron to magnetite meanwhile the amount of hematite remains almost the same as it is seen in 

Fig. 5b.  

 In Fig. 5b, all diffraction peaks at 2θ of 30, 36, 42, 53, 57 and 63° can be indexed as magnetite 

according to (JCPDS 85-1436). On the other hand, the peaks at 2θ of 33 and 54° can be indexed to α-

Fe2O3. A part of iron content in the sample is converted into iron oxide by heating of the synthesis 

solution. The amount of hematite is smaller in the samples. 

 

 

 
A 

 
B 
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C 

 

Figure 5. XRD patterns of MHINC samples synthesized in the different conditions; (a) without 

magnetic field but by heating the synthesis solution (S4), (b) in the presence of 1.2 T magnetic 

filed and heating the synthesis solution and (c) in the presence of 1.2 T magnetic filed but 

without heating the synthesis solution. 

 

Table 2. The phase analysis resulted by XRD patterns for MHINC samples. 

 

Iron (%) Hematite (%) Magnetite (%) MHINC Sample 

29 33 39 S1 

14 30 56 S4 

37 28 35 S6 

 

 
 

Figure 6. TEM images of synthesized MHINC sample in the presence of 3 magnets (S4). 
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As the results showed, magnetic field of 1.2 T or stronger is the best choice for synthesis of 

MHINC. The prepared sample in the presence of three magnets (S4) is studied by TEM (Fig. 6). TEM 

image shows this sample including spherical nanoparticles with a narrow range of size distribution (1-

13 nm). 

 

 

4. CONCLUSION  

The experimental results for synthesis of magnetite/ hematite/ iron nanocomposites by electric 

arc discharge method showed that the applying external magnetic field had large effects on the phase 

transformation, particle sizes and the homogeneity of samples. By applying the magnetic field, 

spherical nanocomposites synthesized in the absence of magnetic field in dimension of 110-148 nm are 

transformed into smaller particles. In the presence of 1.2 T magnetic fields, the spherical 

nanocomposites with particle size in 1-13 nm are synthesized. On the other hand, the transformation of 

iron increased in the presence of the magnetic field. 
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