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In this work the magnetic fluids based on NixCo1−xFe2O4 with x = 0, 0.3, 0.5, 

0.7, 1 are obtained by the chemical co-precipitation method. Crystal struc-
ture, morphology, elemental composition of the NixCo1−xFe2O4 nanoparticles 

and magnetic properties of the magnetic fluids are studied by X-ray diffrac-
tion, transmission electron microscope, energy-dispersive X-ray analysis and 

vibrating sample magnetometer. 
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У даній роботі магнетні рідини на основі NixCo1−xFe2O4 з x = 0, 0,3, 0,5, 0,7, 

1 було одержано методом хімічного співосадження. Кристалічну структу-
ру, морфологію, елементний склад наночастинок NixCo1−xFe2O4 і магнетні 
властивості магнетних рідин вивчали за допомогою рентґенофазового 

аналізу, просвічувального електронного мікроскопа, енергодисперсійно-
го рентґенівського аналізу і вібраційного магнітометра. 

Ключові слова: магнетна рідина, наночастинка, магнетометр, енергодис-
персійний рентґенівський аналіз, ферит. 
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1. INTRODUCTION 

Nowadays, the physical properties of the magnetic fluids based on 

ferrites containing 3d metals nanoparticles are being studied with 

great interest. Also, due to the breadth of the field of application, 

methods of obtaining these materials are evolving [1, 2]. Magnetic 

fluids are a colloidal solution composed of ferro or ferrimagnetic 

nanoparticles stabilized in a carrier liquid [3]. Due to the unique 

physical properties of such liquids, they are using in medicine, 

electronics, industry mining, machinery and other fields [4, 5]. The 

technological process of the preparation of magnetic fluids consists of 

two stages [6]. The first is the synthesis of magnetic nanoparticles. The 

second is the stabilization of the synthesized nanoparticles in a carrier 

liquid by surfactants or polymers [7]. As of today, there is a variety of 

methods to synthesize magnetic nanoparticles such as co-precipita-
tion, hydrothermal, sol-gel, thermal decomposition, solvothermal, 

sonochemical, electrochemical, mechanical milling and other methods 

[5, 8, 9]. In the synthesis of the NixCo1−xFe2O4, the chemical co-
precipitation method was acceptable to us  because for its simplicity, 
convenience, low cost, and most importantly, the ability to control the 

size of the particles. To prevent the formation of aggregates 

nanomagnetic particles of magnetic fluid the surfactant is used. Gen-
erally, surfactant molecules have a polar ‘head’ and a non-polar ‘tail’ 

(or vice versa). One of the ends is adsorbed to the particle, and the other 

is attached to the molecules of the carrier liquid, forming a normal or 

reverse micelle around the particle respectively [10]. We used sodium 

oleate as a surfactant in the preparation of the liquids. 
 Studies have demonstrated that ferrite particles with the general 
formula NixCo1−xFe2O4 have superparamagnetic nature at a size of 15–
20 nm [11–13]. The crystal structure of NixCo1−xFe2O4 is cubic spinel 
ferrite of the Fd3m space group [14]. Experiments have shown that an 

increase in the concentration of Ni ions in NixCo1−xFe2O4 affecting its 

physical properties in general [15]. 
 The aim of this research work is to synthesis to the magnetic fluids 

based on single-phase nickel-doped cobalt ferrite nanoparticles and to 

studying their crystal structure, morphology, element composition, 

and magnetization. 

2. MATERIALS AND METHODS 

In the preparation of the magnetic fluids, initially, their ferrophase 

NixCo1−xFe2O4 with various concentrations of nickel ions x = 0, 0.3, 0.5, 

0.7, 1 have been synthesized by the chemical co-precipitation method. 

Each of the salts of Fe(NO3)3⋅9H2O, Co(NO3)2⋅6H2O, Ni(NO3)2⋅6H2O with 

the molar ratio of Ni2+ : Co2+: Fe3+
 = x : (1 − x) : 2 were dissolved sepa-
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rately in 100 ml of double distilled water. The resulting product (or so-
lutions) together mixed at 60°C using a magnetic stirrer for 30 min. 

Afterward 1M NaOH as the precipitating agent was slowly added to the 

resulting salt solution drop by drop until the pH = 10 and stirred at 

100°C 1 hours. Thereafter, the metal ions are converted into hydrox-
ides, and then under the influence of temperature, the hydroxides are 

transformed into ferrites (Eqs. (1), (2)) [16]. Then the precipitated na-
noparticles were washed with double-distilled water several times to 

remove the impurities. The sediment was filtered and dried in the oven 

at 200°C for 12 h also pulverized and named as P1, P2, P3, P4, P5 accord-
ing to x = 0, 0.3, 0.5, 0.7, respectively. For the preparation of magnetic 

fluids 1 g of sodium oleate dissolved in 50 ml of distilled water was 

added to the sediment as a surfactant to prevent particle agglomera-
tion, then mixed well at 80°C for 1 h (Eq. (3)). The reaction equation of 

the experiment is shown below: 

 
2 2 3

2 2 3

Ni (1 )Co 2Fe 8OH

Ni(OH) (1 )Co(OH) 2Fe(OH) ,

x x

x x

+ + + −+ − + + ⇒
⇒ ⋅ − ⋅

 (1) 

 
100 C

2 2 3 1 2 4 2Ni(OH) (1 )Co(OH) 2Fe(OH) Ni Co Fe O 4H O,x xx x
°

−⋅ − ⋅ ⇒ +  (2) 

 
80 C

1 2 4 17 33 1 2 4 17 33Ni Co Fe O C H COONa (Ni Co Fe O ) (C H COONa).x x x x

°

− −+ ⇒ ⋅  (3) 

The magnetic fluids of concentration 1% vol. based on NixCo1−xFe2O4 

nanoparticles with Ni doping concentration x = 0, 0.3, 0.5, 0.7, 1 are 

assigned with sample codes MF1, MF2, MF3, MF4 and MF5, respec-
tively. 
 Structural and phase analysis of the P1, P2, P3, P4, P5 powder sam-
ples were studied by the using XRD Empyrean Panalaytical (CuKα ra-
diation λ = 0.15406 nm, for 2θ values ranging from 10° to 80°) diffrac-
tometer. Morphological of the nanoparticles of the magnetic fluids and 

elemental composition of the powders have been examined using a 

transmission electron microscope (model: TEM LEO 912 AB) and an 

energy dispersive X-ray spectroscopy (EDX, model: X-ACT Silicon 

Drift Detector). The magnetizations of the MF1, MF2, MF3, MF4 and 

MF5 samples were measured with a VSM magnetometer at the room 

temperature. 

3. RESULTS AND DISCUSSION 

3.1. X-Ray Diffraction Analysis 

XRD patterns of the synthesized P1, P2, P3, and P4 samples are shown 

in Fig. 1. All the diffraction peaks of the patterns show that the single-
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phase cubic spinel crystal structure is formed and is well compatible 

with the JCPDS cards 742081 for NiFe2O4 and 791744 for CoFe2O4. Al-
so, there are no impurities in the patterns indicating that the success-
ful synthesis of cubic spinel ferrite crystal structural nickel doped co-
balt ferrites belongs to the Fd3m space group. Similar findings can be 

found in the Refs. [17], [18] for the crystal structure of nickel doped 

cobalt ferrite synthesized by chemical co-precipitation method. The 

average crystallite size of the samples has been calculated from the 

strongest (311) peak of the XRD pattern by using the Debay–Sherrer 

equation [19]: 

 
0.9

.
cos

D
λ

=
β θ

 (4) 

Here, λ is the CuKα radiation wavelength for the XRD, β is the width 

of the half maximum intensity of the peak, θ is the Bragg angle. 
 Besides, the lattice parameter values of the samples were deter-
mined using the following equation: 

2 2 2
, ,h k la d h k l= + +

 

here, h, k, l 
are Miller indices. X-ray density for each sample was calculated from 

the formula: 
38 / ,AM N aρ =  where M is the molecular weight of the 

 

Fig. 1. XRD patterns of the P1, P2, P3, P4, P5 powders. 
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sample, NA is Avogadro constant, a is the lattice parameter. The ob-
tained results are given in Table 1. 
 As it can be seen that from Table 1 the average crystallite size varies 

in the range of 15–22 nm. Lattice parameter of the powdery 

NixCo1−xFe2O4 samples decreases with increasing Ni2+
 concentration, 

but the X-ray density increases. Such changes can be explained by the 

fact that the Ni2+
 (0.69 Å) ion has a smaller ionic radius than the Co2+

 

(0.74 Å) ion [20]. 

3.2. TEM Studies 

The shape, size and morphology of the nanoparticles of the M1, M3, 

M5 samples were investigated using transmission electron microscope 

(TEM). The obtained results are shown in Fig. 2. From TEM images it 

can be seen that almost all of the particles of the samples are spherical 
in shape. Also the average size of the particles are 18, 23, 28 nm with 

x = 0, 0.5, 1, respectively. 

TABLE 1. Average crystallite size, lattice parameters and X-ray density of 

the P1, P2, P3, P4, P5 samples. 

Sample 
Average  

crystallite size 

(nm) 

Lattice parameter 

(nm) 
X-ray density 

(g/sm3) 

CoFe2O4 21.6 8.365 5.312 

Ni0.3Co0.7Fe2O4 19.2 8.351 5.324 

Ni0.5Co0.5Fe2O4 18.9 8.340 5.347 

Ni0.7Co0.3Fe2O4 15.4 8.335 5.352 

NiFe2O4 19.1 8.331 5.381 

 

Fig. 2. TEM images of the NixCo1−xFe2O4 nanoparticles. 
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3.3. Chemical Composition Studies 

The elemental compositions of the P1, P2, P3, P4, P5 were analysed by 

the energy dispersive X-ray (EDX) measurements. The measurement 

results are shown in Fig. 3. As can be seen from the Fig. 3 the presence 

of Fe, Co, Ni and O elements in the all samples and weight percentage 

values of the Fe and O are higher than Ni and Co. 

3.4. Magnetic Properties 

The dependence of the specific magnetization of the M1, M2, M3, M4 and 

 

Fig. 3. EDX spectra of all the powders. 
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M5 magnetic fluids of concentration 1% vol. of NixCo1−xFe2O on the 

magnetic field was measured at the room temperature by VSM. The re-
sults of the measurements are shown in Fig. 4. We can see from Fig. 4 the 

magnetization of the samples increases with increasing magnetic field 

and attains the saturation. From the magnetization hysteresis loops of 

the Fig. 4 we can determine the saturation magnetization, remnant mag-
netization and the coercivity values and these values are shown in Table 

2. Based on the results in Table 2. It can be said the saturation magneti-
zation of the all fluids decreases from 2.9 emu/g to 1.5 emu/g with an 

increase in nickel ion of the hard phase. Such decreasing in the magneti-
zation of the fluids can be explained by the fact that the magnetic mo-
ment of Ni2+(2µB) is smaller than the magnetic moment of Co2+(3µB). 

4. CONCLUSION 

Magnetic fluids based on NixCo1−xFe2O4 synthesized at different con-
centrations of nickel were obtained by the chemical co-precipitation 

method. Based on X-ray diffraction and EDX analysis it was confirmed 

that the synthesized particles were NixCo1−xFe2O4. TEM measurements 

showed that the average particle size decreased as the proportion of 

nickel in the samples increased. Magnetic studies have revealed that 

 

Continuation of the Fig. 3. 
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the magnetic fluids of the same concentration show superparamagnet-
ic nature and the saturation magnetization of the fluids decreases with 

increasing concentration of Ni in NixCo1−xFe2O4. 
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