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Abstract: In this work, a BiFeO3 nanoparticle was synthesized by sol–gel method followed by calcination at different 

temperature 300, 400 and 500 ˚C. Effect of calcination temperature on the structure, morphology, electrical and magnetic 

properties was studied by using x-ray diffraction, scanning electron microscopy, electrical conductivity measurements and 

vibrating sample magnetometer, respectively. Structural analysis revealed a typical rhombohedral phase of the prepared 

BiFeO3 nanoparticles. Scanning electron microscope investigations show that the materials are mesoporous nature with 

average particle size ~ (52) nm. The magnetic measurement shows significant enhancement of the ferromagnetism with the 

increasing of the calcination temperature which may be mainly attributed to the crystallinity improvement and the change 

of the oxygen vacancies content. The DC electrical resistivity measurement was carried out by the two-probe method. The 

temperature dependence of resistivity behavior shows typical semiconductor features for the synthesized nanoparticles.  

Keywords: BiFeO3 nanoparticles; magnetic properties; electrical properties; sol-gel; antiferromagnetic.  

 

 
 

1 Introduction 

Bismuth ferrite (BiFeO3), shortly denoted as BFO, has attracted considerable attention in recent years because of its 

multiferroic characteristics, ferromagnetism and ferroelectricity [1-5]. It has a wide range of applications such as 

magnetic data storage, logic devices, spintronic devices, and sensors [6–9]. The unit cell of BiFeO3 can be described by 

a) hexagonal [111]hex ||, b) stable perovskite rhombohedral [111]rh || at room temperature, and c) pseudo-cubic structure 

[001]pc  at 1204K as well as it undergoes a structural transition to orthorhombic phase near 1098K [10-14]. 

Magnetically, bulk BFO has antiferromagnetic characteristics below a Néel temperature, TN∼ 643 K [15]. 

Magnetization arises in BFO due to exchange interaction of localized electrons in partially filled d or f shells, but the 

poor magnetic property is due to i) Fe-O-Fe Dzyaloshinskii-Moriya exchange interactions on B-site (Fe) which gives 

rise to weak antiferromagnetic ordering and ii) a magnetic cycloidal spin structure with a long periodicity of 62 nm [10 

and 16]. To overcome the limitations and to maximize the BFO utility, the magnetic properties of this type of ferrite 

should be enhanced.  In order to enhance the magnetic properties of BFO nanostructured samples, the following four 

characteristics should be achieved: i) enhancement of surface-induced magnetization resulted from uncompensated 

spins, ii) an increase of spin canting due to lattice strain in nano-sized scale, iii) incomplete spiral of magnetic order in 

particles less than ~62 nm, iv) existence of oxygen deficiency that leads to Fe2+ ions and grow of magnetic Fe2O3 as an 

impurity [17 and 18].  

Many, researchers have attempted to synthesis nanostructured BiFeO3, such as spherical, nanorods, nanowires, and 

plates with different methods [18, 19-25]. Several techniques have been utilized to prepare BiFeO3 nanostructures, ball-

milling technique, co-precipitation, polymeric assisted rout, hydrothermal, reverse micelles etc. Choosing proper 

synthesis techniques play an important role in controlling the size and surface area and hence the properties of materials. 
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Among all used techniques, the sol-gel method has many advantages such as the use of low temperature, low cost, 

simplicity, energy saving, relatively low impurity content resulting from the easy formation of bismutite phase during 

calcination and uniform-sized BFO nanoparticles [10, 26-29]. This process is superior to the traditional Pechini’s 

method [30]. 

In this work, BiFeO3 nanostructures have been synthesized using the sol-gel method. The effect of calcination temperature 

on the structural, morphological, magnetic and electrical properties has been studied. Other research groups synthesized 

various BiFeO3 nanostructures using the sol-gel method but to the best of our knowledge, study of the effect of calcination 

temperature on their properties was not carried out.  

2 Subjects and Methods 

2.1 Materials 

The raw materials used in the process were highly pure, bithmuth nitrate [Bi (NO3)3.5H2O] (99% assay) as precursor of Bi, 

iron nitrate [Fe (NO3)3⋅9H2O] (99% assay), citric acid (99% assay). All the chemicals were of analytical grade, 

commercially available, supplied by Shanghai Chemical Reagent Ltd (PR China) and used without further purification. 

2.2 Preparation method 

BiFeO3 nanoparticles were synthesized using sol-gel reaction with calcination at different temperatures, 300˚C, 400˚C and 

500˚C. Bismuth nitrate [Bi (NO3)3.5H2O] (0.05 mol), iron nitrate [Fe (NO3)3.9H2O] (0.1 mol), citric acid (0.23 mol) were 

weighed and dissolved in double distilled water. Afterward, the mixture was stirred for 15 min to obtain a homogeneous 

solution. Then, an amount of aqueous ammonia NH3 (pH=8-9) was added to the solution with stirring for one hour at 90˚C. 

After that, the mixture was aged for 24 hours. The beaker with the solid deposit was placed in the oven at 100˚C. 

Combustion of the resultant gel at 180˚C was carried out with an evolution of large amounts of gaseous products and given 

dark gray deposit with a ramified structure. Then the burnt solid deposit was grinded and was followed by calcination in air 

at 300˚C, 400˚C and 500˚C for 3 hours, to obtain well crystallized bismuth ferrites nanoparticles. After the calcination 

process, the internal structure of the samples was characterized by the x-ray diffraction (XRD) (Brucker Axs-D8 Advance 

diffractometer with CuKα radiation at λ = 1.5406 Å). The samples morphology was investigated using scanning electron 

microscope (SEM) model: Quanta FEG250. The magnetic properties of the samples were measured by using a vibrating 

sample magnetometer VSM 9600 LDJ. The electrical properties were studied by measuring the electrical resistivity as a 

function of temperature within a temperature range 443 – 723K using the two-prop technique.  

3 Results 

 
Figure.1. XRD of BFO samples at a) 300˚C, b) 400˚C, and c) 500˚C.  
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Fig. 1. Shows the XRD patterns of the BFO nanoparticles (NPs) synthesized at different calcination temperatures. The 

diffraction peaks characterize rhombohedral structure of BiFeO3 belongs to R3c space group. Generally, the calcination 

process at different temperature doesn't alter the rhombohedral phase of the prepared samples. However, the peaks 

intensities increase as the calcination temperature increases indicating that the grains grow with enhancement of 

crystallinity [31]. Note that, four peaks (denoted by * on the XRD patterns) correspond to Bi2Fo4O9 phase were observed 

on the XRD patterns and their intensities are nearly constant for all the samples of different calcination temperature. 

Therefore, based on the XRD results, the prepared samples are not monophase materials but consist of a mixture of two Bi 

ferrite phases with domination of the BiFeO3 phase. The appearance of Bi2Fo4O9 phase is in consistent with many other 

publications [32-36] and can be attributed to the large bismuth loss at higher temperatures due to, high volatility of Bi2O3 

which leads to a formation of bismuth deficient phase Bi2Fe4O9. Obviously, we can observe that the XRD pattern of the 

sample calcined at 500 ˚C is the smoothest with less noise compared to those of the samples calcined at lower 

temperatures. This indicates that the calcination temperature 500 ˚C is more appropriate for maximizing the Bi2O3 reaction 

with Fe2O3 and produces a highly crystalline BFO nanostructured [31]. The average crystallite size (DXRD) of the 

synthesized NPs was calculated using the Debye-Scherer equation [37]: (DXRD=0.9λ/βcosθ) where β is the full width at half 

maximum (FWHM) of the most intense peak, λ is the Cu target wavelength (1.5406Å) and θ is the glancing angle. The 

grain size calculated from Scherrer equation are equal to 13, 13.2 and 14 nm for samples calcined at 300˚C, 400˚C and 

500˚C, respectively.  

 
Figure. 2. SEM Scanning Electron Microscopy of BFO NPs at 500˚C.                                                      

Fig. 2 shows the Scanning Electron Microscopy SEM of BFO NPs annealed at 500˚C for 3 h. SEM analyses show that the 

materials are mesoporous in nature with average particle size DSEM~ (52) nm. Note that, the value of DSEM is higher than 

the crystallite size determined from the XRD data (DXRD) because the particle consists of several crystallites [38].  

 

 

 

Figure. 3. Room temperature hysteresis (M-H) loops of samples at 300˚C, 400˚C and 500˚C. 
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For studying the magnetic properties of the materials at hand, the magnetic field dependence of magnetization was 

measured at room temperature over a magnetic field of ±1 T. The M–H loops are illustrated in Fig. 3. The data indicate a 

small hysteresis confirming that the samples are ferromagnetic in nature. This behavior is in contrary to that of bulk 

bismuth ferrite which is a typical antiferromagnetic system at room temperature.  Several models were introduced to 

explain the ferromagnetic features of the nano-scaled BFO alloys [10, 39-44]. The reasons can be summarized as the 

following:  a) according to Néel's theory, small antiferromagnetic NPs exhibit measurable magnetization due to incomplete 

spin compensation between two spin sublattices and the existence of defects such as O vacancies, b) the larger surface to 

volume ratio of the NPs enhances the contribution of uncompensated surface spin, c) the spin cycloid structure of BiFeO3 

is suppressed in the particles of size below 62nm due to grain size confinement effect [18,39-41,45,46]. The increase of 

saturation magnetization as the calcination temperature increases can be attributed to a) creation of oxygen vacancies 

which lead to the existence of Fe3+ [41, 33-36, 47-50], b) conversion of Fe3+ cations to Fe4+ cations [51], and c) the 

decrease of the spin spiral structure. 

The saturation magnetization (Ms), remanent magnetization (Mr) and coercivity (Hc) were determined and tabulated in 

Table 1. As seen, the values of Ms, Mr, and Hc increase as the calcination temperature increases. The coercivity variation 

with the calcination temperature can be explained in the light of the associated change in the particle size. In ferromagnetic 

materials, where the particle size is larger than the domain wall width, the magnetization reversal depends on the domain 

wall motion. Therefore, increasing the grain size is expected to decrease Hc due to a decrease of the grain boundaries at 

which the domain walls are pinned where pinning is the main source of the coercivity [52]. Consequently, increasing the 

grain size is expected to decrease the pinning sites and to decrease Hc. However, below a certain grain size DCr, coherent 

magnetization reversal of a single magnetic domain become feasible and Hc increases as the grain size increases. For our 

materials, the case of grain size lower than Dcr is realized, therefore, Hc increases with the calcination temperature due to 

the associated increase in the grain size. 

 

 
Figure. 4. Effect of calcination temperature on the resistivity of BiFeO3 NPs at 300˚C, 400˚C and 500˚C. 
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Figure. 5. DC electrical resistivity dependent on calcination temperature for BiFeO3 NPs at 300˚C, 400˚C and 500˚C. 

Fig. 4. Shows the DC-electrical resistivity of BiFeO3 samples calcined at different calcination temperature 300˚C, 400˚C 

and 500˚C. Obviously, the resistivity (ρ) decreases drastically with the increase of temperature (T) showing a typical 

semiconductor behavior. The isothermal resistivity values measured at 460 K (ρ460K), as an example, are 999.1, 426.1 and 

68.8 MΏ.cm for samples calcined at 300, 400 and 500˚C, respectively. This means that the NPs resistivity is reduced by 

one order of magnitude by increasing the calcination temperature.  The ρ-T plots fit well with the well-known Arrhenius 

equation:  

ρ = ρ0 exp (Ea/kBT) where ρ0 is the pre-experimental factor representing the temperature independent resistivity, Ea is the 

activation energy and kB is the Boltzmann constant [53]. The linear behavior of Ln (ρ)−1000/T plots presented in Fig. 5 

confirm that the conduction mechanism in the sample is thermally activated and fit well with the Arrhenius equation. As 

seen, each plot consists of two linear portions with different slopes and activation energies.  This behavior indicates that the 

electrical conduction in the sample passes through two mechanisms upon the increase of temperature.  The transition 

between the electrical mechanisms appears at certain temperature Tσ which was found to decrease with the calcination 

temperature as seen from the values depicted in Table 1.  The activation energies at low (T≤Ts) and high (T≥Ts) 

temperature ranges of measurement (ELow and EHigh, respectively) were calculated from the Ln (ρ) − 1000/T plots and their 

values have been tabulated in Table 1. As seen, ELow is lower than the EHigh for the same sample.  The data are comparable 

to those reported by Yao et al. [54] who attribute the activation energy ELow to the ionic conduction mechanism caused by 

the oxygen vacancies in perovskite type ferroelectric oxides. However, EHigh corresponds to the energy band mechanism or 

hopping mechanism of localized charge carriers [53 and 55]. 

 

 

Table. 1: Comparison of various parameters of BiFeO3 samples calcined at 300˚C, 400˚C and 500˚C. 

Calcination temperature Mr (emu/g) Ms (emu/g) Hc (Oe) ELow EHigh Tσ(K) 

300˚C 3.71 11.74, 194.2 0.2 0.61 520.2 

400˚C 3.80 12.13 199.1 0.26 0.7 512.8 

500˚C 4.41 15.87 224.5 0.64 1.08 502.5 

 

4 Conclusion 

Bismuth ferrite NPs (BiFeO3) are successfully synthesized by Sol-Gel method. Structural analysis revealed rhombohedral 

phase formation with crystallite size varying from 13 to 14 nm. The magnetization of bismuth ferrite NPs was enhanced by 

increasing the calcination temperature which was attributed mainly to the increase of oxygen vacancies, conversion of Fe3+ 

cations to Fe4+ cations and suppression of spin spiral structure. Temperature-dependent DC electrical resistivity (ρ) 

decreases drastically with the increase of temperature (T) showing a typical semiconductor behavior. However, two 
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mechanisms are involved in the electrical conduction, the ionic conduction mechanism at low temperature range and band-

band or hopping conduction mechanism at the high temperature range of measurements.   
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