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Abstract 

In this paper, nanostructured Ni-doped LaFeO3 materials were prepared via a simple co-

precipitation method involving the hydrolysis of La(III), Fe(III), and Ni(II) cations in hot water with 

5% KOH as a precipitating agent. To evaluate the effects of Ni substitution in these products, their 

structural phases, lattice parameters, crystallite and grain sizes, and magnetic properties were 

determined. As the Ni content in the LaFe1-xNixO3 (x = 0–0.25) materials increased, the average 

crystallite size and lattice parameters decreased. Moreover, across the range of Ni-substitution 

ratios, all magnetic properties correspondingly changed: the coercive force (Hc) value rose from 

42.53 to 173.98 Oe. In contrast, the remanent magnetization (Mr) and saturation magnetization (Ms) 

values decreased from 1.0·× 10⁻ 2 to 3.8·× 10⁻ 4 emu ⁻·g 1, and from 0.24·× 100 to 0.74·× 10⁻ 4 

emu ⁻·g 1, respectively. These predictable changes provide a sound foundation for the fabrication 

and application of magnetic materials based on nanostructured Ni-doped LaFeO3 substrates. 

Keywords: Nanocrystal, Ni-doped LaFeO3, crystal structure, magnetic properties, co-precipitation 

method. 

 

 

1. Introduction 

LaFeO3, a perovskite-type material (general formula of ABO3, where A and B are a rare 

earth element and 3d transition metal, respectively) with an orthorhombic structure, has attracted 

great interest due to its promise for use in advanced technologies such as solid oxide fuel cells [1], 

catalysts [2], chemical sensors [3], magnetic materials [4], and oxygen permeation membranes [5]. 
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For example, a Ni-doped LaFeO3 perovskite was used [6] to fabricate the cathode material for a 

solid oxide fuel cell, and displayed (1) good catalytic activity for oxygen reduction at an operating 

temperature ≥ 700 °C and (2) thermal expansion properties matched to those of the electrolyte and 

interconnect. To successfully develop nanostructured Ni-doped LaFeO3 perovskites, it is essential 

to thoroughly understand the magnetic properties of LaFeO3 and LaNiO3, as well as the spin states 

of Fe3+ and Ni3+ ions. LaFeO3 is known as an anti-ferromagnetic insulator at a Néel temperature of 

740 K, while LaNiO3 is a paramagnetic metallic oxide down to lowest temperatures [10]. Fe3+ is in 

the high spin state (t2g
3, eg

2), while Ni3+ is in the low spin state (t2g
6, eg

1). The metal-to-insulator 

transition has been attributed to the disorder induced by the difference in the 3d energy levels of Fe 

and Ni in Ni-doped LaFeO3 materials [7]. Ni-doped LaFeO3 materials have also been investigated 

for many purposes, including catalysis [8, 9], electrical conductivity [10], and oxygen permeability 

[11]. 

Generally, to synthesise nanostructured Ni-doped LaFeO3 materials, methods similar to 

those used in the preparation of LaFeO3 compounds have been applied, including solid-state [12], 

electrochemical [13], and sol-gel combustion [14] techniques. The solid-state reaction requires 

high temperature, while the sol-gel method involves a time-consuming sol-gelation process and 

precise control to form single-phase crystals. Moreover, the use of organic agents in sol-gel 

fabrication may introduce undesirable impurities which can directly affect the magnetic and 

electronic properties of the products [14, 15]. Thus, although each approach possesses both 

advantages and disadvantages, the optimal selection of a method to produce the desired magnetic 

and electronic properties remains challenging. 

In this work, nanostructured Ni-doped LaFeO3 materials were prepared via a simple co-

precipitation method through the hydrolysis of cations in hot water (t > 90 °C), without the addition 

of organic agents. The efficiency of this approach was validated by measuring the structural and 

magnetic properties of the synthesized products by appropriate characterization techniques. 

 

2. Experimental 

To synthesise the LaFe1-xNixO3 perovskites (x = 0, 0.1, 0.15, 0.2, and 0.25), analytical grade 

La(NO3)3·6H2O, Fe(NO3)3·9H2O, Ni(NO3)2·6H2O, and KOH (Merck, Germany) were used as 

starting materials. The synthesis process was similar to that described in our previous work [16]. A 

solution containing an appropriate ratio of La3+, Fe3+, and Ni 2+ ions was gradually added to hot 

water (> 90 °C) and stirred continuously. The mixture was cooled to room temperature (25–30 °C) 

and 5% KOH solutions was slowly added until pH 7 was attained. The precipitates were 

continuously stirred for 30 min, filtered, washed carefully with deionised water, and dried in air. 
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The crystallisation process was monitored via thermogravimetric analysis (TGA) on a 

LABSYS evo 1600°C instrument (SETARAM Instrumentation, France), by heating the sample in 

an aluminium oxide crucible under nitrogen at a rate of 10 °C min−1.  

The structure and phase composition of the materials were investigated by X-ray diffraction 

(XRD, D8-ADVANCE, Bruker, Inc., Germany) with Cu Kα radiation (λ = 1.540 Å) using a step 

size of 0.02° in range of 20 to 80°. The crystallite sizes of LaFe1-xNixO3 (DXRD, nm) were 

determined based on Scherrer’s equation:   

0.89
 = 

cos
D

λ
β θ

,         (1) 

where β is the full-width at half maximum (FWHM), and θ is the diffraction angle of the maximum 

reflection. 

Lattice constants (a, b, c) and unit cell volumes (V) were calculated using the formulae 

presented in Ref. [17]: 

 
2 2 2

2 2 2 2

1 h k l

d a b c
= + + ,        (2) 

 V a b c= ⋅ ⋅ .         (3) 

The morphologies of the nanostructured LaFe1-xNixO3 materials were determined by 

scanning electron microscopy (FE-SEM, Hitachi S-4800, Japan) and transmission electron 

microscopy (TEM, JEOL-1400, Japan).  

The magnetic properties of the samples, including the coercive force Hc, remanent 

magnetization Mr, saturation magnetization Ms, and maximum energy product (BH)max were 

investigated at 300 K via a vibrating sample magnetometer (VSM, Microsense EV11, Japan). 

 

3. Results and discussion 

Structure and morphology of LaFeO3  

A sample of undoped LaFeO3 was prepared by the general method and subjected to TGA, 

with the results shown in Fig. 1. The onset of initial weight loss (∼23.33 %) starts slowly near 75 

°C, reaches a maximum at ∼125 °C, and finishes at ∼340 °C. Below 340 °C, the weight loss is due 

to the removal of the water of crystallisation and dehydration of Fe2O3·yH2O (y = 1÷5) [18]. The 

weight loss between 300–550 °C (∼11.71 %) may stem from the pyrolysis of LaO(OH)·mH2O [19]. 

Further heating causes a small weight loss (∼6.83%) at ∼780 °C that is attributed to the release of 

CO2 from La2O(CO3)2·1.4H2O or La2(CO3)3·8H2O [20–22]. The release of CO2 ends at ∼850 °C, 

which is higher than that of H2O (∼550 °C) because the La–CO3 bond is stronger than that of La–
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OH [22–24]. No further weight loss occurs thereafter, indicating that there is no change in the phase 

of the product formed at temperatures higher than the considered range. 

Figure 2 shows the XRD pattern of the undoped LaFeO3 product after annealing at 850 °C, 

corresponding to the decomposition temperature selected on the basis of the TGA results. The 

diffraction pattern reveals only the presence of the orthorhombic LaFeO3 phase (JCPDS file No. 37-

1493). The average crystallite size of the LaFeO3 product, according to Eq. (1), is ~28.72 nm, while 

the lattice parameters and unit cell volume calculated according to Eqs. (2) and (3) are: a = 5.573 Å, 

b = 7.849 Å, c = 5.558 Å, and V = 243.121 Å3 (Table 1). This confirms that the crystallisation 

temperature of the LaFeO3 perovskite phase is near 850 °C, as anticipated by the corresponding 

thermal decomposition curve (Fig. 1). 

 

Fig. 1. TGA curve of the undoped LaFeO3 product.  

 

Fig. 2. XRD pattern of LaFeO3 annealed at 850 °C for 1 h. 

The SEM and TEM images (Fig. 3) of the sample show that the LaFeO3 perovskite particles 

have an average size of ~30–50 nm. 
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Fig. 3. SEM (A) and TEM (B) images of LaFeO3 nanomaterial annealed at 850 °C for 1 h. 

 

Structures and morphologies of nanostructured LaFe1-xNixO3 (x = 0.1, 0.15, 0.2, and 0.25)  
Based on the TGA and XRD results for the undoped LaFeO3 sample, a temperature of 850 

°C was chosen for the fabrication of the LaFe1-xNixO3 (x = 0.1, 0.15, 0.2, and 0.25) perovskite 

materials. Figure 4 shows the XRD pattern of the LaFe0.8Ni0.2O3 product compared with those of the 

NiO and Fe2O3 components, which were independently prepared under similar conditions. The 

LaFe0.8Ni0.2O3 product has the specific peaks of the LaFeO3 orthorhombic phase (JCPDS file No. 

37-1493) with no detectable secondary phase. The XRD patterns in Fig. 5 reveal no significant 

differences between the samples having different Ni-doping ratios. 

 

All the XRD patterns of LaFe1-xNixO3 (x = 0.1, 0.15, 0.2, and 0.25) (Fig. 5) show the 

existence of a single-phase orthorhombic perovskite (Pnma space group, No. 62). We can therefore 

conclude that the simple co-precipitation method is appropriate for the fabrication of LaFe1-xNixO3 

materials with x ≤ 0.25.  

 

Fig. 4. XRD patterns of LaFe0.8Ni0.2O3, NiO, and Fe2O3 annealed at 850 °C for 1 h. 
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Remarkably, the XRD peaks tend to broaden and shift toward a higher 2θ position (right-

shift) due to the substitution of Ni in the LaFeO3 lattice. Similar phenomena have also been 

observed in other studies [25–27]. The shift of peaks toward higher 2θ values indicates a reduction 

of the a, b, c, and V values of the LaFe1-xNixO3 samples relative to the pure LaFeO3 sample (Table 

1). These reductions in the unit cell size may originate for several reasons: (1) Ni(III) ions are 

substituted into the perfect crystalline LaFeO3 with fine crystallite size of the crystalline LaFeO3 

facilitates Ni(III) ion substitution (Fig. 2); (2) the diameter of the substituted Ni(III) ion is smaller 

than that of the Fe(III) ion [19]; and (3) the sequential increase of substituted-Ni content leads to 

lattice defects that raise the internal stress and restrain the growth of the crystals. Consequently, the 

presence of Ni in the LaFeO3 lattice broadens the XRD peaks of the LaFe1-xNixO3 samples and 

reduces the crystallite size from 28.72 to 23.59 nm (Table 1). 

 

Fig. 5. XRD patterns of LaFe1-xNixO3 (x = 0.1, 0.15, 0.2, and 0.25) samples calcined at 850 °C for 1 h. 

Table 1. Lattice parameters and crystallite sizes of LaFe1-xNixO3 samples annealed at 850 °C for 1 h. 

LaFe1-xNixO3  2θ(121), ° D, nm 
Lattice constants, Å 

V, Å3 
a b c 

x = 0 32.1900 28.72 5.573 7.849 5.558 243.121 

x = 0.1 32.1886 26.02 5.544 7.866 5.560 242.467 

x = 0.15 32.1979 27.51 5.544 7.845 5.584 242.863 
x = 0.2 32.2107 28.99 5.531 7.879 5.564 242.472 
x = 0.25 32.3066 23.59 5.546 7.830 5.531 240.185 

 

TEM images of the LaFe0.8Ni0.2O3 and LaFe0.75Ni0.25O3 samples (Fig. 6), however, do not 

show significant changes in particle size or shape as the concentration of Ni changes. The Ni-doped 
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LaFeO3 particles are relatively uniform in shape (spherical) and size (30–50 nm), as in the case of 

the undoped LaFeO3. 

 

Fig. 6. TEM images of nanostructured LaFe0.8Ni0.2O3 and LaFe0.75Ni0.25O3 materials  
annealed at 850 °C for 1 h. 

Magnetic properties of nanostructured LaFe1-xNixO3 (x = 0, 0.1, 0.15, 0.2, and 0.25)  

Magnetic measurements at room temperature for the LaFe1-xNixO3 (x = 0, 0.1, 0.15, 0.2, and 

0.25) samples indicate that the substitution of Ni in the LaFeO3 crystal lattice affects not only the 

structural characteristics but also the magnetic properties of the products (Table 2 and Fig. 7). 

While the LaFeO3 nanomaterial, with a coercive force Hc of 42.53 Oe, can be considered a soft 

magnetic material, the LaFe1-xNixO3 products become hard magnetic materials with higher Hc (> 

150 Oe). The substitution of Ni into the LaFeO3 lattice causes an increase in the magneto-crystalline 

anisotropy, and therefore, Hc for the LaFe1-xNixO3 materials increases. For LaFe1-xNixO3 with x = 

0.1–0.25, Hc increases as x in range of 0.1 to 0.2, whereas, at x = 0.25, Hc declines. This can be 

explained by the effect of the crystallite size on Hc. Nanoscale particles (D < 100 nm) can be 

considered as single-domain particles. Then, Hc depends on the particle size according to the 

following formula [28]: 

c 3/2
= 

h
H g

D
− ,          (4) 

where g and h are constants, and D is the particle diameter. Clearly, Hc will increase with the 

particle size. Indeed, when x is increased from 0.1 to 0.2, the crystallite size rises from 26.02 to 

28.99 nm and Hc also increases from 168.14 to 173.98 Oe. However, for the LaFe0.75Ni0.25O3 

sample, the crystallite size is reduced to 23.59 nm, and Hc drops to 160.76 Oe. 
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Substitution by Ni reduces the remanent magnetization Mr and saturation magnetization Ms 

of the samples (Table 2). The decline of Ms at higher values of x is also related to the decrease in the 

crystallite size. The smaller the particle, the larger its surface area-to-volume ratio. This leads to the 

existence of non-magnetized surface areas and reduces the Ms value. Similar phenomena were also 

reported for several other series ((La1-xSrx)(Fe1-xNix)O3 [29], PrFe1-xNixO3, and GdFe1-xNixO3 [27, 

30]). Therefore, changes in the doping elements and their concentrations can alter the magnetic 

properties of perovskite-type nanomaterials, a phenomenon which may be applied in tuning the 

properties of magnetic materials for various applications. 

Table 1. Magnetic properties of LaFe1-xNixO3 nanomaterials calcined at 850 °C for 1 h. 

Sample Hc, Oe Mr, emu ⁻·g 1 Ms, emu ⁻·g 1 

LaFeO3 42.53 1.0·× 10⁻ 2 0.24·× 100 

LaFe0.9Ni0.1O3 168.14 4.0·× 10⁻ 4 15.7·× 10⁻ 4 

LaFe0.85Ni0.15O3 168.87 5.7·× 10⁻ 4 21.1·× 10⁻ 4 

LaFe0.8Ni0.2O3 173.98 5.2·× 10⁻ 4 20.2·× 10⁻ 4 

LaFe0.75Ni0.25O3 160.76 3.8·× 10⁻ 4 0.74·× 10⁻ 4 

 
Fig. 7. Field dependence of the magnetization of the LaFe1-xNixO3 nanomaterials annealed at 850 °C for 1 h. 

 
4. Conclusions 

LaFe1-xNixO3 (x = 0, 0.1, 0.15, 0.2, and 0.25) perovskite-type materials were successfully 

prepared via a simple co-precipitation method without the use of organic agents. Single-phase 

LaFe1-xNixO3 products formed after annealing at 850 °C for 1 h had grain sizes in the range of 30 to 

50 nm and unit cell volumes in the range of 240 to 243 Å3. As the Ni content in the LaFe1-xNixO3 

products increased from 0 to 0.25, the Hc value increased, whereas the Mr and Ms values decreased. 

These predictable changes serve as a good foundation for the fabrication and application of 
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magnetic materials based on nanostructured Ni-doped LaFeO3 substrates. As a result, the original 

LaFeO3 nanomaterial, which had a low Hc (42.53 Oe), small Mr (0.01 emu·g⁻ 1), and high Ms (0.24 

emu ⁻·g 1), is suitable for instruments operating at high magnetic field. In contrast, the Ni-doped 

LaFeO3 materials, with high Hc (>>100 Oe) and low Ms (0.74 × 10-4 – 21.1 × 10-4 emu ⁻·g 1), can be 

used to produce permanent magnets and magnetic tapes. 
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