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ABSTRACT 
 

The bismuth substituted cobalt ferrite CoBixFe2-xO4 (x = 0.1) were synthesized by co-
precipitation procedure. The properties of the samples were controlled by heat treatment 
through annealing processes at temperatures of 300C, 400C, and 500C. After that, all 
samples were characterized by XRD, FTIR, and VSM. The high purity fcc inverse spinel with 
Fd-3 space group is obtained following the Rietveld refinement of XRD. The spectrum analysis 
in the range 400-600 cm-1 confirms the spinel ferrite structure. The net magnetic moment nB, 
coercive field HC, and magnetization saturation MS of the co-precipitated bismuth substituted 
cobalt ferrite samples increase with increasing annealing temperature which attributes to 
the increase of the anisotropy constant. 
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1. INTRODUCTION 

 

Cobalt ferrite present in the spinel oxide has a face-centered cubic structure. The cobalt ferrite 
nanoparticles have advantages such as high coercivity values, medium saturation magnetization 
values and good mechanical properties, hence their preference [1]. Previous work have explained 
that the physical and chemical properties of cobalt ferrite can be controlled by ionic substitution [2-
6], synthesis methods [7-11], thermal treatment [12,13] and others. Recently, researchers have 
focused on bismuth-doped cobalt ferrite as they determine the distorted structure in the sample. The 
bismuth-doped cobalt ferrite has been investigated and they have prepared the sample successfully 
by auto combustion technique. Because of bismuth doping, they found an increase in particle size. 
This could consistently change its electrical properties of the material in the form of increased 
resistivity, grain size evolution and minimizes dielectric loss and a good conduction material [14]. An 
investigation of sol-gel combustion and co-precipitation method of bismuth substituted cobalt ferrite 
was also reported.  The crystallite size with the co-precipitation method was found to be much 
smaller than the sol-gel combustion method, while the magnetic properties were almost the same 
[15]. They found that the coercive field of bismuth cobalt ferrite greater than pure cobalt ferrite [16]. 
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Other researchers also found that the crystal structure, electrical, and magnetic parameters of the 
sample could modified by replacement of Bi3+ ions in Fe3+ ions [17-19]. 
 
The heat annealing treatment can easily modify the crystallite size of the particles and the coercivity 
value. It is known that the coercivity value increases with thermal treatment, this was possibly 
induced by a stronger exchange interaction as organic degradation in thermal [20]. When the 
nanoparticles were heated, there was the energy that allows the cation to diffuse and produce a 
balanced state. At high temperatures, the distribution site can be maintained after cooling to room 
temperature [21]. The heat energy from the calcination temperature was used by the nanoparticles 
to diffuse to form larger granular particles and larger distribution [22].  
 
In this study, the bismuth-doped cobalt ferrite was synthesized by the co-precipitation technique. To 
modify the properties of the nanoparticles, a heat annealing treatment will be carried out at different 
temperatures. The results of bismuth substituted cobalt ferrite were characterized using x-ray 
diffraction (XRD), fourier transforms infrared (FTIR), and vibrating sample magnetometer (VSM). 
 
 
2. MATERIAL AND METHODS 

 

The materials with chemical composition of Fe(NO3)3.9H2O, Co(NO3)2.6H2O, and Bi(NO3)3.5H2O were 
used to synthesized CoBixFe2-xO4 (%wt, x = 0.1) by co-precipitation technique. Double distilled water 
was used to dissolve a weighted stoichiometric amount of metal salt which is then stirred 
continuously over the magnetic hotplate for 20 minutes. The solution was heated under continuous 
stirring (low stirring at 250 rpm). The concentration of 4.8 M NaOH solution was added to the metal 
salt solution mixture and the reaction mixture temperature was maintained at 85C. After that, the 
solution was left to sit overnight to form a precipitate, then washed using ethanol and distilled water. 
The precipitate was dried in an oven at 100C overnight. The dry precipitate was hand-milled with a 
mortar for 1 hour to obtain a powder sample. Finally, at the final stage, the powder was annealed at 
different temperatures (300C, 400C, and 500C) for 5 hours and then hand-milled again for 2 hours 
to obtain the final product.  
 
The structural properties of the samples were determined by qualitative x-ray powder diffraction 
measurements using the XRD (using Cu-Kα radiation,  = 1.54 Å) at room temperature. The XRD 
patterns of the samples were recorded in the range 2 = 20-90. The oxide bonds were determined 
by FTIR-Shimadzu IF Prestige 21 spectroscopy and IR spectra were recorded in the range 350 - 4000 
cm-1. The VSM at room temperature was used for magnetic measurements. 
 
 
3. RESULTS AND DISCUSSION 

 

3.1 The Structural 
 
The X-ray diffraction patterns were analyzed with the Fullprof program using the Rietveld technique. 
The diffraction pattern of XRD measurements showed the bismuth substituted cobalt ferrite 
structure with the Fd-3m space group. The XRD patterns with refine data are shown in Figure 1. 
Figure 1 shows a diffraction pattern with a Miller Indices hkl peak (220), (311), (222), (400), (422), 
(511), and (440) where the peaks were a cobalt ferrite phase with a cubic crystal system and space 
group Fd-3m. The XRD patterns in all samples show a single phase. The Scherrer equation was used 
to calculate the crystal size. The crystal sizes were found to be 15.65 nm, 18.83 nm, and 20.35 nm for 
each annealing temperature of 300C, 400C, and 500C. The crystal size of cobalt ferrite-based 
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materials have the potential to influence magnetic properties. The crystal structure analysis also 
explains that the difference in annealing temperatures at 300C, 400C, and 500C will affect the shift 
of the diffraction pattern peaks. In the refining process, the position of the oxygen atom has been 
taken as a changeable parameter. Meanwhile, the position of the other atoms was fixed. The positions 

of the Co, Fe and O atoms from the refined results with foolproof were as shown in Table 1. The 
position of the oxygen atom changes due to the annealing treatment. The background has been 
corrected by the pseudo-Voigt function. The Rietveld refinement parameters of all samples were 
given in Table 2. The various R factors such as Rp (profile factor), RF (crystallographic factor), and RB 
(Bragg factor) were found to decrease with increasing annealing. The Rp value obtained is quite large 
due to the high ratio of the diffraction pattern calculation and experimental XRD measurement 
results for the nanocrystalline material [23]. However, the value of 2 (goodness of fit) was observed 
to be of small value which indicates the goodness of refinement. The lattice parameter a and unit cell 
volume V were slightly increased with annealing treatment.  It is indicated that the original structure 
of bismuth substituted cobalt ferrite remains with the increase in annealing.  
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Figure 1 The refine data of XRD patterns for CoBixFe2-xO4 (x = 0.1) annealed at 

 (a) 300C, (b) 400C and (c) 500C 
 
 
 

Table 1 The atomic positions (x,y,z) of Co, Fe, and O for CoBixFe2-xO4 (%wt, x = 0.1) 
at various annealing temperature 

 
Atomic positions Annealing temperature (°C) 

 300 400 500 
Co/Fe,Bi    

x 0.12500 0.12500 0.12500 
y 0.12500 0.12500 0.12500 
z 0.12500 0.12500 0.12500 

Fe, Bi/Co    
x 0.50000 0.50000 0.50000 
y 0.50000 0.50000 0.50000 
z 0.50000 0.50000 0.50000 
O    
x 0.26037 0.26007 0.25664 
y 0.26037 0.26007 0.25664 
z 0.26037 0.26007 0.25664 

 
 

Table 2 The refine data for CoBixFe2-xO4 (%wt, x = 0.1) at various annealing temperature 
 

Structural parameters Annealing temperature (oC) 
 300 400 500 

Crystal System Cubic Cubic Cubic 
Number of space group 227 227 227 

Space group Fd-3m Fd-3m Fd-3m 
Rp (%) 50.18 40.42 30.60 
RF (%) 13.79 8.73 6.89 
RB (%) 15.54 10.73 8.39 

2 2.05 1.95 1.88 
a = b = c (Å) 8.3294 8.3589 8.36750 

α = β =  90 90 90 
V (Å3) 577.8746 584.0453 585.853 

(a) 
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3.2 The FTIR Study 
 
The FTIR spectra of bismuth-doped cobalt ferrite at different annealing temperatures were shown in 
Figure 2. The first characteristic absorption of the three samples appears around ~3450 cm-1 which 
was thought to be due to the hydrogen bond O-H stretching mode [24]. Meanwhile, the absorption 
band around ~1682 cm-1 was considered to originate from the C=O stretching vibration [25]. Then 
the peak of the absorption band around ~1350 cm-1 establishes the O-H bending of all samples. Two 
main bands were detected around wave number 400-600 cm-1 in all samples. The absorbance peak 
of v1 shows the high-frequency band (around 600 cm-1) which related to the stretching vibration of 
the iron-oxygen bond (Fe-O) at the tetrahedral site, whereas v2 shows the low-frequency band 
(around 400 cm-1) which related to the stretching vibration of the cobalt-oxygen bond (Co-O) at the 
octahedral site [26]. The range of vibration bands corresponds to the spinel phase of the ferrite [27]. 
These results confirmed the emergence of cobalt ferrite synthesized by the co-precipitation 
techniques. Increasing the annealing temperature causes the position of the v1 and v2 bands to shift 
to a lower wavenumber. It is indicated that cation redistribution at tetrahedral and octahedral are 
due to annealing temperature.  
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Figure 2 The infrared spectra of CoBixFe2-xO4 (%wt, x = 0.1) with (a) TA = 300C,  

(b) TA = 400C, (c) TA = 500C 
 
3.3 The Magnetic Properties 

The magnetic hysteresis loop of bismuth substituted cobalt ferrite nanoparticles with different 
annealing temperatures are shown in Figure 3.  The magnetic parameters such kind magnetization 
saturation MS and coercive field HC  obtained were shown in Table 3. The magnetization saturation 
MS and coercive field HC increase with the increase of annealing temperature which presents in  
Figure 4, i.e., the HC and the MS (inset) as a function of annealing temperature.  Here, the calculation 
of the HC is 330.23, 423.42, and 588.32 Oe, for the annealing temperature of 300C, 400C, and 500C.  
Whereas, the MS is 25.07, 423.42, and 588.32 emu/g as within the increase of annealing temperature. 
Here, the HC and the MS increase with the increase of annealing temperature.  The ratio squareness 
(Mr/MS) is 0.29, 0.33 and 0.41, for annealing temperatures of 300C, 400C, and 500C respectively. 
As discussed in the previous section, the degree of conformity of the x-ray diffraction pattern 
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increases with increasing annealing temperature in the rietveld calculation results. This indicates 
that the increase in annealing temperature increases the magnetic anisotropy of this bismuth 
substituted cobalt ferrite sample.  In order to confirm these experimental results, the net moment 
magnetic as well as magnetic-anisotropy constant calculations were carried out concerning the 
annealing temperature increase. 
 
The net magnetic moment 𝑛𝐵 [28] in Bohr magneton (B) was calculated using the following equation  
(1): 
 

𝑛𝐵 =
𝑀×𝑀𝑠

𝑁𝐴×9.27×10
−21                   (1) 

 
where M is the molecular weight, Ms is the saturation magnetization of the sample, and NA is 
Avogadro's number. It is clear that nB corresponds to Ms, where the trend shows an increase with the 
annealing temperature.   The nB of 1.12, 1.73, and 1.83 are obtained for annealing temperatures of 
300C, 400C, and 500C, respectively.  Whereas the anisotropy constant K is calculated using the 
equation (2) [29]: 
 

𝐻𝐶 =
0.96𝐾

𝑀𝑠
                  (2) 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3 The loop M-H of CoBixFe2-xO4 (%wt, x = 0.1) with annealing temperature variation of 

 300C, 400C, and 500C 
 

The anisotropy constant K is obtained 0.49 105 (erg/cm3) for an annealing temperature of 300C.  
Thus, the K of 0.97 105 (erg/cm3) and 1.41 105 (erg/cm3) with annealing temperature of 400C and 
500C.  The results of the calculation of the K confirm that the increase in annealing temperature 
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increases the K. As a result, the magnitude of the coercive field HC and saturation magnetization 
increases MS with increasing annealing temperature. 
 

Table 3 The magnetic properties of CoBixFe2-xO4 (%wt, x = 0.1) with 

 annealing temperature variation of 300C, 400C, and 500C 
 

Ta (C) Hc (Oe) Ms (emu/g) Mr (emu/g) Mr/Ms 
nB (B) 

 
K 105 

(erg/cm3) 
300 330.23 25.07 7.36 0.29 1.12 0.49 
400 423.42 38.81 12.87 0.33 1.73 0.97 
500 588.32 41.00 16.92 0.41 1.83 1.41 

 
 

 
 

Figure 4 The relationship between annealing temperature and magnetic parameters  
of CoBixFe2-xO4 (%wt, x = 0.1)  

 
4. CONCLUSION 

 

The bismuth-doped cobalt ferrite has been successfully synthesized using a co-precipitation 
procedure with the variation of the heat treatment.  The Rietveld refinement of the XRD pattern used 
to evaluate the x-ray pattern shows that the high purity fcc inverse spinel with Fd-3m space group. 
The FTIR data also indicate the spinel ferrite structure. The net magnetic moment nB, coercive field 
HC, and magnetization saturation MS of the coprecipitated bismuth substituted cobalt ferrite samples 
increase with the increase of the annealing temperature.  The calculation of the magnetic anisotropy 
constant confirmed the increase with the annealing temperature which contributed to changes in the 
whole magnetic parameters of the obtained sample. 
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