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Abstract 

Spinel nickel ferrite NiFe2O4 nanoparticles were synthesized by co-precipitation method and annealed at different 

temperatures 600, 800 and 1000°C. The structural and magnetic properties of the nanoparticles are characterized 

by thermogravimetric analysis, X-ray diffraction and Mössbauer spectrometry. The lattice parameter, the 

crystallite size and the cation distribution have been determined by Rietveld method for the sample annealed at 

1000°C. The hyperfine parameters are determined by Mössbauer spectrometry at room temperature. The 

hyperfine field increases with crystallite size. 
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1.Introduction 
For the last few decades, the ferrites nanoparticles have been extensively studied due to their significant different 

applications such as optical, electrical and magnetic properties which are different from their bulk structure [1-9]. 

In particular, nickel ferrite has an interesting set of properties making it in a wide range of applications such as in 

the radio frequency, magnetic resonance imaging contrast agents for biotechnology, and magnetic nano-fluid for 

hyperthermia cancer treatments[10-13]. Several methods for the synthesis of nickel-based ferrite nanoparticles are 

used and which include co-precipitation [14], mechanical alloying [15], sol-gel method [16], combustion [17], ... 

The performance of the NiFe2O4 are highly dependent on the structural and magnetic properties which are also 

influenced by particle size and shape might be controlled in the fabrication processes. For example, Ojha et al 

[21] show that the NiFe2O4 nanoparticles prepared by sol-gel method exhibit ferromagnetic behavior at room 

temperature, whereas nanoparticles prepared by hydrothermal process show a super-paramagnetic behavior at the 

same temperature. According to their crystallographic structure, spinel ferrite has a tetrahedral A-site and 

octahedral B-site in MFe2O4 [11,19]. The physical properties of ferrites are strongly affected by the cation 

distribution among A and B-sites which can be represented generally by the formula:  
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The aim of the present work is to prepare NiFe2O4 nanoparticles by co-precipitation and to study the effect of the 

annealing temperature on the obtained phases, and then the structural parameters and magnetic properties are  

investigated. The thermal decomposition behavior was examined by means of thermogravimetry TG and 

differential thermal analysis DTA. The structural characterization of the samples was characterized by X-Ray 

diffraction and the magnetic properties were explored by transmission
57

Fe Mössbauer spectrometry at room 

temperature. 
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2. Experimental 
Nickel ferrite nanoparticles were prepared by co-precipitation method. Nickel(II) nitrate hexahydrate 

Ni(NO3)2.6H2O and iron(III) chloride hexahydrate FeCl3·6H2O analytical grade were used in stoichiometric 

proportion as starting materials.  

The mixture was dissolved in 100 ml of distilled water and stirred continuously for 30 min under constant heating 

at 40°C to initiate a self-propagating exothermic reaction. The precipitation was performed by adding sodium 

hydroxide NaOH (1M) until pH equal to 12. The resulting product was washed several time by distilled water and 

dried at 80°C for 24h. Finally, the product was annealed in air at different temperatures 600, 800 and 1000°C for 

2h. 

In order to monitor the mass change of the samples during heating, TG and DTA experiments were conducted 

under synthetic air with the heating rate of 10°C/min, on a LabSys EVO Setaram 1600. The phase formation was 

examined by X-ray diffraction (XRD) spectra with Cu-Kα radiation (λ=1.5406Å) using a Bruker D-8 Advance X-

ray diffractometer, at 40kV×40mA. The X-ray diffraction spectra were recorded at room temperature in 

2angular range between 15 and 70° with a step size of 0.02°. The 
57

Fe Mössbauer spectra were recorded at room 

temperature using a constant acceleration spectrometer with triangular velocity shape, and linear arrangement of 

the 
57

Co source (25 mCi), absorber and detector. The spectrometer velocity was calibrated with a high purity α-Fe 

foil. The estimated isomer shifts (IS) are given relative to this standard. All spectra were measured at room 

temperature in transmission configuration of the Mössbauer spectrometer (Wissel). 

 

3. Result and discussion 

The TG-DTA results shown in Fig. 1 help in the selection of the calcination temperature. The first stage is 

reached at 30–150°C, which is attributed to the loss of water physisorbed. The second stage corresponding to the 

total loss of about 22% between 150 and 450°C is due to the departure of nitrate residue. After 450°C no 

significant weight loss was observed. 

 
Figure 1: TG-DTA plot for the un-annealed sample 

The XRD patterns of Nickel ferrite synthesized by coprecipitation and annealed at different temperatures are 

shown in Fig. 2. The patterns show the formation of single phase spinel structure of NiFe2O4 with space group 

symmetry mFd 3  and without any trace of impurity peaks. The lattices parameters ‘a’ is calculated by using the 

formula 
222 lkhda  where d is the inter-reticular distance and hkl are the Miller indices of the plan. The 

average crystallite size D of the nano-particles in the samples were calculated from the broadening of 100% 

intense peak (311) of each sample by using the Debye–Scherrer equation [20]. Eva software was used for data 

processing and evaluation of the degree of crystallinity (C). All these parameters are summarized in Table 1. 
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Figure 2: X-ray diffraction patterns of the un-annealed (a) and the annealed samples 600°C (b), 800°C (c) and 

1000°C (d). 

Table 1: Structural parameters a, D and C for the annealed samples 

T (°C) a (Å) D (nm) C (%) 

600 8.345 12 75.5 

800 8.343 25 84.6 

1000 8.334 82 90.5 

 

 
Figure 3: Rietveld refinement pattern for the sample annealed at 1000°C. The experimental data are in black 

circles and the Rietveld refinement is in red line. The blue line is the difference between the experimental and 

calculated intensities. 

NiFe2O4 has an inverse spinel structure in which, in its ideal state, all Ni
2+

 ions are in B-sites and Fe
3+

 ions are 

equally distributed between A and B-sites [11, 13]. Based on the mention above, the Rietveld refinement of X-ray 

diffraction patterns for sample annealed at 1000°C is carried out (Fig. 3). The Solid line is the best fit to the data, 

http://www.sciencedirect.com/science/article/pii/S0925838816311379#bib20
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the tic marks show the positions for the allowed reflections, and the lower curve represents the difference between 

the observed and the calculated profiles. 

The Rietveld structure refinement was carried out using FULLPROF-suite software from X-ray powder 

diffraction data. The structural model and initial structural parameters were taken as follows: space group mFd 3
, nickel and iron atoms were in 8a and 16d special position and oxygen atom in 32e special positions. The 

refinement is done using the pseudo-Voigt profile function. 

The quality of the agreement between observed and calculated profiles is checked by using the goodness of fit χ
2
 

and two reliability factors Rp and Rwp [21-22]. χ
2
must tend to 1, Rp and Rwp  must be less than 10% for good 

quality of refinement [21,23]. In our case, χ
2 
=1.21, Rp=2.86 and Rwp =3.70. 

Table 2 gives the structural parameters and Rietveld agreement factors for the sample annealed at 1000°C : the 

degree of inversion ‘x’, the lattice parameter ‘a’, the oxygen position parameter ‘u’ and the mean particles size 

‘D’. 

Table 2: Structural parameter obtained from Rietveld refinement. 

Parameters Value 

Space group mFd 3  (#227) 

Degree of inversion x 0.95011 

Oxygen parameter u 0.255 

Lattice parameter a (Å)  8.346 

D (nm) 81.7 

χ
2
 1.21 

Rp (%) 2.86 

Rwp (%) 3.70 

 

As seen in table 2, the calculated crystallite size and the lattice parameter of the nanoparticles are in good 

agreement with those, given in table 1. 

The cation distribution is represented by the inversion parameter x, occupancies of Fe
3+

 ions at the A-site is equal 

to 0.95. This value is very close to 1 corresponding to an inverse spinel structure which is in good agreement with 

that observed in the bulk structure [24,25]. 

Mössbauer spectra of the samples, acquired at room temperature without external magnetic field are presented in 

Fig. 4.  

 
Figure 4: Mössbauer spectra recorded at room temperature for the un-annealed (a) and annealed samples at 

600°C (b), 800°C (c) and 1000°C (d). 

http://www.sciencedirect.com/science/article/pii/S0378775307013250#bib11
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For the un-annealed sample, the Mössbauer spectrum consists of a doublet with a quadrupole splitting EQ of 0.65 

mm/s, and an isomer shift IS of 0.34 mm/s. This reflects the fact that the iron atoms in the sample is in a purely 

paramagnetic phase.The shapes of the samples annealed at 800 and 1000°C are characteristic of iron atoms in 

magnetic state and are essentially composed of two more or less strongly overlapping sextets related to the 

presence of iron in tetrahedral sites (A-sites) and octahedral sites (B-sites). To have the best fit of the spectra, we 

have superimposed three components: two components in the form of sextet with different hyperfine fields 

reflecting that iron is found in two different environments, and the third one is a doublet with low weight (~2% of 

the total area of the spectra) representing iron atoms in paramagnetic state. 

The spectrum relating to the sample annealed at 600°C has a shape intermediate between those of the un-annealed 

sample and annealed samples at 800 and 1000°C. The adjustment of the spectrum requires a fourth component : 

the three components described above and a broad magnetic component indicating the presence of distribution of 

magnetic hyperfine fields. We have been analysed in terms of distribution of hyperfine field P(Hhyp), this 

component represents 37% of the total area of the spectrum. 

 

Table 3:Hyperfine parameters obtained from fitting Mössbauer spectra. 

T (°C) Component Hhyp (kOe) IS (mm/s) QS (mm/s) A (%) 

Un-annealed Doublet - 0.343 0.65 100 

600 Sextet 460.4 0.287 - 45.65 

Sextet 510.4 0.358 - 15.26 

Distribution 133 0.364 - 37.07 

Doublet - 0.456 0.73 2.02 

800 Sextet 479.3 0.238 - 42.23 

Sextet 512.4 0.362 - 55.37 

Doublet - 0.260 2.6 2.40 

1000 Sextet 487.9 0.244 - 45.95 

Sextet 521.1 0.362 - 52.18 

Doublet - 0.263 3 1.87 

 

The inversion parameters calculated from the relative area (A) covered by the sextets corresponding to the A and 

B sites for the sample annealed at 1000°C is estimated to 0.97. This value is in good agreement with that found by 

Rietveld refinement 0.95. In Fig. 5, we have presented the evolution of the average hyperfine field <Hhyp> versus 

the crystallite size.We can observe that <Hhyp> increases with crystallite size since the field is proportional to the 

volume of the crystallite [26]. We note that the average hyperfine field increases significantly for smaller particle 

sizes (from 12 to 25 nm). 

 
Figure 5: Effect of crystallite size on the hyperfine filed 
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Conclusion 
In this work, NiFe2O4 nanoparticles were synthesized by co-precipitation and annealed at 600, 800 and 1000°C. 

The XRD analysis indicated the formation of single phase spinel structure. Rietveld refinement of the X-ray 

diffraction data revealed that the sample possess cubic symmetry corresponding to the space group mFd 3 . For 

the sample annealed at 1000°C, cations distribution show that NiFe2O4 have an inverse spinel structure and the 

inversion parameter agrees with the value deduced from Mössbauer spectrometry measurements at room 

temperature. 
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