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Abstract. Cobalt substituted magnetite, CoxFe1-xFe2O4 was synthesized via co-precipitation 

method for 0.0≤x≤1.0 and annealed in argon from 600 to 800°C to investigate the effect of 

synthesis parameters e.g. cation substitution and thermal treatment on its saturation 

magnetization. Particle size variation, crystallinity and cationic distribution between sublattices 

which resulted from the varying synthesis parameters are expected to alter the saturation 

magnetization of cobalt ferrite. Both thermal treatment and cation substitution are affecting the 

value of saturation magnetization. Correlation of microstructural properties with magnetization 

were analysed using TG-DTA, XRD, FTIR and VSM. Crystallinity, average crystallite size and 

lattice constant of the as-annealed samples is increasing with annealing temperature. The 

presence of maghemite and cobalt oxide as secondary phases have caused reduction in the 

saturation magnetization. Interestingly, increasing cobalt concentration in the samples has 

dramatically shifted the temperature at which magnetite transformed to maghemite. We have 

found that x=0.4 is the optimum cobalt ratio at which all reactants are converted into reaction 

product with no incomplete reactions that contribute to the formation of impurities. Preferential 

occupancy of Co2+ ions on the octahedral sites is evident in the FTIR spectra with intensified 

octahedral band splitting in the non-stoichiometric CoxFe1-xFe2O4 (0.2≤x≤0.8), whereby the 

structures formed are in metastable state. It is also evident in the FTIR spectra that distinct 

absorption bands appeared only when the cations in both sites are well ordered. By substituting 

Co2+ ions, saturation magnetization keeps on increasing until x=0.4, and gradually reduced 

beyond that. Highest saturation magnetization (78.86 emu/g) was obtained in Co0.4Fe0.6Fe2O4 

after annealing at 800°C. In conclusion, heat treatment and substitution of ferrous/ferric ions 

with cobalt of lower magnetic moment has amplified the super-exchange interaction between 

octahedral and tetrahedral sites in magnetite spinel structure for greater saturation 

magnetization.… 

1.  Introduction 

Magnetite has been widely used for magnetic fluid research in enormous field e.g. magneto fluidics, 

flow control, heat generation, etc. due to its excellent magnetic properties [1]. Magnetic properties of 

magnetite nanoparticles strongly dependent on various factors e.g. synthesis route and particle size. In 

http://creativecommons.org/licenses/by/3.0
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magnetoviscosity, viscosity of magnetic particles suspended in a carrier fluid is tunable following the 

strength of the magnetic field applied and saturation magnetization of the particles [2]. The latter is 

highly sensitive to the crystallite size as spin disorder on the particles' surfaces escalated with the 

decrease in crystallite size [3]. Having stable configuration in ferrimagnetic spinel structure, magnetic 

properties of magnetite are affected by the inversion parameter which is attributed to the super exchange 

interaction between cations in tetrahedral and octahedral sites. Annealing temperature is one of the prime 

factors which effect the magnetization and cation distribution between two sites A and B [2, 3]. Via 

Mossbauer analysis, Chandra et. al (2017) has confirmed the migration of Co2+ ions to tetrahedral (A) 

sites as annealing temperature increases from 300 to 900°C, forcing Fe3+ ions to occupy the octahedral 

(B) sites and therefore intensify the A-B super-exchange interaction [2, 4]. Various studies on thermal 

kinetic of iron oxide have confirmed that phase transformation temperature for magnetite to transform 

to maghemite is around 450°C and beyond 600°C, hematite starts to form as it is the most stable 

polymorph of iron oxide [5, 6]. Interestingly, substitution of other elements into magnetite spinel 

structure has improved its thermal stability. Addition of 10% of cobalt ions into CoxFe3-xO4 has improved 

the stability of magnetite up to 1000°C when heat treated in vacuum [8].  

This work aims to investigate the effect of synthesis parameters e.g. cation substitution and thermal 

treatment on the magnitude of saturation magnetization of cobalt ferrite. Particle size variation, 

crystallinity and cationic distribution between sublattices which resulted from the varying synthesis 

parameters are expected to alter the saturation magnetization of cobalt ferrite. 

 

2.  Methodology 

2.1.  Synthesis of nanoparticles.  

Co-precipitation method used in synthesizing cobalt ferrite nanoparticles has been adapted from 

literature [9]. Precursor solutions of iron (II) chloride, iron (II) chloride and cobalt (II) chloride were 

dissolved separately according to a pre-determined molar ratio in deionized water and then mixed 

together. A precipitant, 3.0 M sodium hydroxide was added to the salt solution dropwise until reaching 

pH 12. Subsequently, 1 mL of oleic acid was used as the chelating agent. The reaction was performed 

at 80°C for 2 hours with vigorous stirring. The precipitate prepared was then cooled to room temperature 

and centrifuged at 3000 rpm for 5 minutes to isolate it from the supernatant liquid. Subsequently, the 

black precipitate was washed with distilled water and acetone several times and was then dried for 24 

hours. Thus, the samples of as-precipitated CoxFe1-xFe2O4 were further calcined at 600, 700 and 800°C 

for 2 hours at a heating rate of 10 °C/min in argon stream. 

2.2.  Structural and Magnetic Properties Characterization.  

The structural properties of the sintered samples were characterized by X-ray diffractometer (XRD). 

Magnetic properties were measured using vibrating sample magnetometer (VSM) up to a maximum 

applied field of 20,000 Oe at room temperature. FTIR transmission spectra were taken on Perkin Elmer 

Spectrum BX model Infrared Spectrophotometer from 200 to 4000 cm-1. The thermogravimetric 

analysis (TG) and corresponding differential thermal analysis (DTA) of the as-precipitated CoxFe1-

xFe2O4 nanoparticles have been carried out in argon at the rate of 10°C/min up to 1100°C. 

 

3.  Results and Discussion 

 

The TG-DTA thermograms (Figure 1) provide useful information regarding thermal behaviour of the 

samples e.g. the temperature of solvent decomposition, phase transformation and isochemical 

transformation (i.e. cations redistribution between the octahedral and tetrahedral sites) [10]. Three-stage 

decomposition is observed during heating from 25 to 1100°C.  Different thermal profiles were exhibited 

by samples of various Co2+ ratio. However, all samples show similar thermal profile below 100°C, 
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whereby the first stage mass loss is associated to the removal of moisture from the samples with around 

5% mass loss. This is supported by an endothermic peak presents around 70°C which attributed to the 

vaporization process of the hydroxyl group [11]. 

 

   

   
    

Figure 1. TG-DTA thermograms of the as-precipitated CoxFe1-xFe2O4 samples at varying cobalt 

concentration 

 

Interestingly, we observed that a major exothermic peak around 250°C is present in the DTA 

thermogram of all samples, with exception for Fe3O4 (Figure 1a). Instead, two small bumps appear at 

230 and 280°C, with around 2% mass loss is due to the dissociation of weakly bounded or free oleate 

molecules from the oleic acid used as surfactant [12]. Another exothermic peak with no mass loss 

appeared around 570°C is attributed to the phase transformation of maghemite to hematite [7]. Since 

TGA is not sufficient to detect polymorphous transformations as they do not involve any mass change, 

DTA can be used to observe the heat flow by differentiating the heat evolved when exothermic or 

endothermic events occur [13]. Beyond 600°C, insignificant mass loss with no variation in heat flow is 

observed, denoting the thermal decomposition of Fe3O4 sample has been completed.  

When doped with Co2+, changes in the thermograms are also observed. With addition of foreign 

elements into magnetite structure, the conversion of maghemite to hematite is shifted to higher 

temperature, making it more stable at elevated temperature [7]. When we look closely to thermograms 

of other compositions (Figure 1b-1f), two noticeable differences in terms of exothermic peaks 
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appearance can be listed. Firstly, an exothermic peak around 250-270°C with mass loss around 3-5% 

appeared in all samples for x>0. This peak is associated with the decomposition of CoO(OH) to Co3O4, 

which existed due to the incomplete reaction during precipitation synthesis[14]. Secondly, no 

maghemite to hematite conversion peak was observed for intermediate composition (0.2≤x≤0.8), 

justifying that only maghemite phase is present in the sample after being annealed up to 800°C. 

However, for x=1, the maghemite to hematite peak reappear at 634°C, in agreement to other findings 

which reported shifting of phase conversion to higher temperature [7], [8]. Final mass loss observed 

around 970-980°C for x>0 is attributed to the decomposition of Co3O4 to CoO, which explains the 

existence of secondary phases in XRD patterns that will be discussed in the next subsections [14]. 

Putting a material under thermal treatment is a way to improve its properties. For instance, saturation 

magnetization of a magnetic material increases with increase in particle size and crystallinity. X-ray 

diffraction patterns of cobalt ferrite samples at various cobalt concentration and annealing temperature 

are providing information on the crystallinity and purity of the as-annealed samples (Figure 2). Seven 

characteristics peaks of spinel cubic structure (Fd-3m) were reflected from crystal planes corresponding 

to (220), (311), (222), (400), (422), (511) and (440) which are indexed to the standard cobalt ferrite 

(ICSD 16-0059).  

 

   
(a) (b) (c) 

Figure 2. Diffraction patterns of CoxFe1-xFe2O4, for 0≤x≤1 at various annealing temperature (a) 600°C, 

(b) 700°C and (c) 800°C 

 

However, additional peaks appear consistently in almost all samples at similar Bragg angle which were 

indexed as maghemite, γ-Fe2O3 (PDF 39-1346) [15]. The presence of maghemite is anticipated as 

annealing the samples at temperatures higher than 180°C will caused rapid oxidation of Fe2+ to Fe3+ 

which promotes formation of maghemite [16]. This effect is also observed in this work when the 

annealing temperature increases from 600 to 800°C (Figure 2 (a), (b) and (c)), the peak intensity of 

maghemite gets higher. However, transformation kinetics of iron oxide with temperature shows that 

formation of maghemite is not possible in this temperature range [17]. Annealing of magnetite at various 

temperature has shown that conversion of magnetite to hematite started at 650 °C and was fully complete 

at 750 °C without the formation of maghemite [17]. This finding is puzzling as no hematite is detected 

from the diffraction pattern analysis.  

Interestingly, Pati et al.(2012) demonstrated that doping cobalt ions into magnetite structure at 

various Co2+ ratio and annealing temperature has dramatically increases the phase transformation 

temperature of magnetite [7]. From thermal analysis (TG-DTA) discussed earlier, it is confirmed that 
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maghemite to hematite conversion shifted from 570°C (Fe3O4) to 634°C (CoFe2O4) and no conversion 

in the intermediate composition. As Co3O4 only decomposes to CoO beyond 970°C, cobalt oxide will 

remain in the sample within annealing temperature applied in this work. In other work, increasing the 

annealing temperature to 1000°C has successfully produced single phase cobalt ferrite, which is also in 

agreement to the TG-DTA discussed earlier [18]. When growth of larger particle due to extreme 

temperature exposure is undesirable, formation of secondary phases e.g. maghemite and goethite due to 

oxidation of Fe2+ to Fe3+ should be suppressed from the beginning, which is by careful control of initial 

reaction pH and the ideal ratio of ferrous and ferric ions [16]. To get ideal Fe2+/Fe3+, ratio of 1:2 is 

optimized for reaction in inert environment and 2:3 for reaction conducted in ambient condition [16]. 

Major diffraction peak (311) is used to estimate the crystallite sizes of cobalt ferrite samples via 

typical Scherrer equation. Variation of crystallite size and lattice constant with cobalt concentration is 

shown in Figure 3. At a fixed annealing temperature, lattice constant is decreasing with increase in cobalt 

concentration due to the difference in the ionic radii [19]. When larger Fe2+ (0.074 nm) being substituted 

by Co2+ (0.068 nm), lattice contraction occurs and reduction in lattice constant is observed. Meanwhile, 

different trend is observed when annealing temperature is varied at a fixed cobalt concentration, whereby 

both lattice constant and average crystallite size increase with temperature. 

  

 
 

(a) (b) 
 

Figure 3. Evolution of crystallite size and lattice constant of cobalt ferrite at (a) various cobalt cation 

concentration (fixed temperature) and (b) various annealing temperature 

 

Qualitative analysis of the cationic distribution may be deduced using FTIR spectra since the absorption 

bands position depends on several factors e.g. bond type and strength, coordination and the nature of 

ions involved [20]. Variation of vibrational band for metal-oxygen bonds has been observed due to the 

presence of more than one type of cation e.g. Fe-O, Co-O. Different bond lengths caused the variation 

in the band positions as shorter bonds vibrate/oscillate at higher frequencies that the long ones. In normal 

spinel, two distinct vibrational bands which attributed to the bond vibrations in tetrahedral and 

octahedral sites are clearly visible [20]. However, in the case of mixed and inverse spinel, broadening 

and splitting of tetrahedral and octahedral bands into multiple bands occur due to the presence of more 

than one type of cations in a respective sublattice or similar type of cations co-existed in both sites [20].  

Formation of spinel ferrites can be validated through FTIR spectra by observing the position of 

absorption bands around 300 to 600 cm-1. The high frequency band υ1, which is generated by the 

stretching vibration of the metal-oxygen bonds in tetrahedral sites can be detected around 550–590 cm-

1. Meanwhile, absorption band due to metal–oxygen vibrations in the octahedral sites (υ2) ranging from 

350–400 cm-1 [21]. From Figure 4, υ1 positions appear consistently around 560 to 570 cm-1, with no 

significant dependence on the cobalt concentration increment. While intensity of υ1 does increases with 

cobalt concentration, it is also discovered that splitting and broadening of the υ2 intensified as a result of 
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cationic redistribution between the two sublattices [22]. It is safe to conclude that in this work, Co2+ ions 

preferentially occupy the octahedral sites and co-exist with the Fe3+ ions which justified the band 

splitting into several sub-bands and appearance of shoulders in the broadened region [15, 16]. Similar 

observation has been reported with cobalt ferrite synthesized via co-precipitation method [24]. Since 

none of the band splitting is observed around designated tetrahedral band position, forced migration of 

Fe3+ ions into the tetrahedral sites are boosting its population in it, causing the band intensity to increase 

as Co2+ increases[20].  

It is also evident in the FTIR spectra that distinct absorption bands appeared only when the cations 

in both sites are well ordered [23]. For the pure magnetite and cobalt ferrite samples, both characteristic 

bands of spinel are observed along with an ultralow frequency band around 250–320 cm−1 which 

generated from the stretching vibrations of Fe2+ ions [23]. In the samples of intermediate composition 

(0.2≤x≤0.8), band splitting is observed and gradually smeared out with increase in x values. Conversely, 

annealing the samples from 600 to 800 °C does change the crystallinity and cation distribution in cobalt 

ferrite. Broadening of octahedral bands along with smearing out of the split bands and shoulders is 

correlated with the crystallinity improvement resulting from increase in annealing temperature [25].  

 

   
(a) (b) (c) 

 

Figure 4. FTIR spectra of CoxFe1-xFe2O4, for 0≤x≤1 post-annealing at (a) 800°C, (b) 700°C and (c) 

600° in argon for 2 hours 

 

The magnetization (M-H) loops of CoxFe1-xFe2O4, for all x values post annealed at 800°C are given in 

Figure 5. Only one temperature is discussed in this section as magnetization profile of all samples at 

other temperatures shows almost similar behavior. Saturation magnetization of a ferrimagnetic material 

is generally governed by the exchange interaction between Fe2+, Fe3+ and Co2+ ions in tetrahedral and 

octahedral sublattices, increase in particle size from heat treatment and the presence of impurities or 

secondary phases [6, 17, 19, 24, 25].  The effect of cation distribution on the magnetization of CoxFe1-

xFe2O4 is shown in Figure 5. Magnetic behavior of the samples changes with varying Co2+ concentration. 

At x=0, no cobalt was present and the M-H loop resembling magnetite, showing paramagnetic curve 

with very low coercivity (~100 Oe) but slightly lower saturation magnetization to that of magnetite 

reported in literatures (52.54 emu/g). With increasing temperature (Figure 6), slight changes in the 

saturation magnetization and coercivity were found in coordination with polymorphous transformation 

of magnetite as described in TG-DTA analysis. Paramagnetic maghemite phase gives high saturation 

magnetization for samples annealed at 600 and 700°C, while the co-existence of maghemite and 

hematite beyond 700°C potentially explains the slight decrease in saturation magnetization [17]. 

Previous studies has reported the occupation of Co2+ ions in both sublattices, but with preference in 

octahedral sites for bulk ferrites [28], [29]. From FTIR analysis discussed in the previous section, it is 

evident that Co2+ ions in CoxFe1-xFe2O4, have strong tendency to occupy the octahedral sites. For 

0.2≤x≤0.8, gradual change from soft to hard ferromagnetic is observed, which is defined by the 
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coercivity values and the width of hysteresis curves (Figure 5). Saturation magnetization increases with 

cobalt doping up to x=0.4, before gradually decrease upon cobalt addition up to x=1.0.  

  
  

Figure 5. Magnetization M-H loops of CoxFe1-xFe2O4, for (a) 0.2≤x≤0.8 and (b) x=0,1.0 at 800°C 

 

Presence of impurities affect magnetization of CoxFe1-xFe2O4. A direct correlation between the presence 

of impurities or multiphase cobalt ferrite and the magnitude of saturation magnetization could be 

observed [30]. As shown in the XRD patterns, presence of maghemite in the final product is expected 

to cause reduction in the saturation magnetization. No peak of maghemite was detected which explains 

higher magnitude of saturation magnetization when compared with other samples annealed at 800°C. 

Varying the annealing temperature does change the magnetic properties of the samples. It is generally 

known that particle size is the governing parameter in determining the magnetic properties of materials. 

As the temperature increases from 600 to 800°C, saturation magnetization of sample x=0.4 increases 

from 39 emu/g to 78.86 emu/g. From XRD analysis, particle size gets larger with increasing annealing 

temperature. With the decreasing contribution from the surface shell with increasing particle size,  

magnetization of samples improved as annealing temperature increases [31]. 

 

T 

Figure 6. Saturation magnetization of CoxFe1-xFe2O4 for all x values as a function of annealing 

temperatures 

  

4.  Conclusion 

Saturation magnetization of CoxFe1-xFe2O4 is highly affected by the heat treatment and cobalt ions 

substitution. Post annealing at 800°C results in particle size increase for highest magnitude of saturation 
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magnetization at x=0.4. We have found that x=0.4 is the optimum cobalt ratio at which all reactants are 

converted into reaction product with no incomplete reactions that contribute to the formation of 

impurities. Preferential occupancy of cobalt ions into octahedral sites is causing the increase of 

saturation magnetization with cobalt doping up to x=0.4 and gradually decreases beyond that as the 

lower magnetic moment of cobalt ion is reducing the exchange interaction between octahedral and 

tetrahedral sites. 
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