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Abstract: The rare-earth Gd-substituted Bi0.2Ni0.8-yGdyFeO3 (BGNFO) nanorods with varying y-

content from 0.2, 0.4, 0.6, and 0.8 were prepared using a hydrothermal route. The phase identification 

confirmed the formation of a trigonal structure as the primary phase, while the secondary phases are 

associated with Bi2Fe4O9. The morphology evidently shows the deformation of microstructure from 

nanoparticles to nanorods with the increase of Gd-content in the parent perovskite system (BNF). 

Specifically, the TEM images confirm the clear development of nanorods. The magnetization versus 

applied magnetic field (M-H) curves demonstrate the apparent formation of a hysteresis loop with little 

hard magnetic nature of x=0.2-0.8. The magnetization was varied from 12x10-3 to 26x10-3 emu in 

an unsystematic manner as a function of ‘y ’. The weight loss (Δw) as a function of temperature 

(30-700°C) and composition is recorded for BNGF samples using a thermogravimetric study. On the 

other hand, the DSC curves of x=0.2-0.8 provide the transition temperatures between the range 30 to 

1400°C. The compositional dependence of structural, magnetic, and thermal properties was investigated 

in detail.   
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1. Introduction 

It has been noticed that BiFeO3 (BF) materials show the multiferroic perovskite 

structure with a general chemical formula: AFeO3 (where A is a trivalent cation) [1]. These 

materials have attracted significant attention owing to their efficient properties, such as 

multiferroic nature, high dielectric constant, low loss, piezoelectricity, photocatalytic activity, 

high power density, high energy density, and high density, making them suitable for memory 

devices, nanocatalysts, capacitors, supercapacitors, and piezoelectric devices [1-4]. In addition, 

perovskites have extensive applications in solar cell devices, biosensors, actuators, etc. [5-9]. 

In this context, several scientists have prepared multiferroic bismuth ferrite for various 

applications.  

Celis et al. [10] studied the control of multiferroic properties of bismuth ferrite 

nanoparticles via various approaches. Indriyani et al. [11] prepared the bismuth ferrite 

nanoparticles using one-pot green synthesis, for which the Abelmoschus esculentus L leaves 
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extracts are utilized. The photocatalytic dye degradation applications were reported. The piezo-

photocatalyst nature of bismuth ferrite was illustrated by Ambouni et al. [12]. Parvathy et al. 

[13] reported the atomic-scale insights of BF nanoparticles. Parida et al. [14] used a different 

synthesis process called plant extract mediated preparation of BF nanoparticles and showed the 

photocatalytic degradation of MB dye. Basith et al. [15] developed the BF nanoparticles via 

low-temperature synthesis. Further, the results demonstrated improved magnetization and 

enhanced photocatalytic performance in dye degradation and hydrogen evolution. The crystal 

growth mechanisms and the structure evaluation were clearly made by Bai et al. [16]. Cheng 

et al. [17], prepared the perovskite BF nanoparticles and revealed the existence of oxygen 

vacancies for n-Butanol gas sensing applications. Wu et al. [18,19] fabricated the BF 

nanoparticles and reported the enhanced photocatalytic activity via the electrical polarization. 

The strong pyro-catalysis of the pyroelectric nature of BF under room temperature cold-hot 

alternations. The tunable bandgap variation is observed in BF nanoparticles and demonstrates 

the roles of microstrain and oxygen defects [20]. Prince et al. [21] reported the effect of 

annealing temperature on the tuning behavior of structural, optical, and magnetic properties. 

Magnetic and photocatalytic behavior of BF nanoparticles was investigated by Masoud et al. 

[22].  

Patel et al. [23] prepared the Gd-doped BF nanowires and reported the phase transition 

and improvement of coercivity. Guo et al. [24] revealed the enhanced photocatalytic activity 

and high ferromagnetic nature of Gd doped BF nanoparticles. The structure, dielectric 

behavior, and ferroelectric nature of Gd doped BF samples were studied by Vashisth et al. [25]. 

The effect of Gd+3 cations on the BF perovskite system was investigated for magnetic as well 

as photocatalytic behavior of samples [26] and the mechanism behind the photocatalytic nature 

of gadolinium-doped bismuth ferrite samples was reported [27]. Sindhu et al. [28] reported the 

structure, microstructure, and magnetic properties of Gd doped BF nanoparticles prepared via 

an EA chelated solution combustion technique. Further, the ac-electrical conductivity, 

structure, dielectric, magnetic, and photocatalytic properties of Gd doped BF nanoparticles 

were reported in the literature [29]. Liu et al. [30] prepared the Gd and ZrCo-doped BF 

nanoparticles, and reported the piezo-photocatalytic degradation ofloxacin. The diode-like 

nature was noticed in the case of GdBiFeO3 layers in Nb: SrTiO3-BF-Pt [31]. Due to this, the 

potential barrier increased. Jena et al. [32] investigated the effect of Gd doping on ferroelectric, 

magnetic, and optical properties of Bf nanoparticles. Similarly, the Mn doping effect in 

BiGdFeO3 on ferroelectric behavior was discussed by preparing the samples through chemical 

solution deposition [33]. Hossain et al. [34] reported the improvement of dielectric behavior 

upon adding 5 % GdBiFeO3 via 2-8 % of Cr doping into the system. The photocatalytic activity 

of Gd doped BF was increased as compared to pure BF [35].  

Moreover, variety of BF based and their composites such as Gd/Co doped BF [36], Gd 

doped BiFeO3/g-C3N4 composite [37], Gd and Ni co-doped BiFeO3 ferrite/r-GO 

nanocomposite [38], Gd-doped BiFeO3 crystalline nanofibers [39], Mn/Gd doped bismuth 

ferrite [40], (Gd, Mn) co-doped BiFeO3 thin film [41], co-doped BiFeO3/MXene (Ti3C2) 

nanohybrids [42], Gd and Ce modified multiferroic BiFeO3 [43], Spin-casted (Gd–Zn) co-

doped BiFeO3 thin films [44], Gd-doped BiFeO3 nanoparticles [45], Gd and Sn co-doped 

BiFeO3 supported on nitrogen doped graphene [46], Gadolinium (Gd) and Nickel (Ni) co-

doped BiFeO3 [47], 10% Gd and Ti co-doped BiFeO3 [48], Sol-Gel Gd doped BiFeO3 [49], 

Sr/Gd/Mn/Co doped BiFeO3 thin films [50], Gd doped BiFeO3 multiferroics [51], 

nanocrystalline BiFeO3 powder by Gd-doping [52], Gd doped BiFeO3 ceramics [53], (La, Gd) 
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doped BF [54], ITO/Gd-doped BiFeO3/Au heterostructure [55], Gd and Co doped BiFeO3 [56], 

rare earth (RE=La, Nd, Sm, Gd) doped BiFeO3 [57], BiFeO3 ceramic co-doped with Eu and 

Gd [58], (Gd, V) co-doped BiFeO3 thin films [59], Gd doped BiFeO3 [60], gadolinium doping 

on BiFeO3-PbZrO3 [61], Gd doped BiFeO3 [62], Nd3+/Gd3+ co-doped BiFeO3 nanoparticles 

[63], Gd-doped BiFeO3–BaTiO3 solid solution [64], Au anchored perovskite Gd3+:BiFeO3 

nanospheres [65], etc., are prepared and characterized the samples for different applications. It 

is clearly understood from a vast literature survey that many nano and bulk synthesis techniques 

were used for BF based nanoparticles. Also, it is noted that the Ni-doped BF or Gd-doped BF 

samples were studied in detail for various applications. But, research work on Gd-substituted 

BiNiFeO3 nanoparticles was neither prepared nor characterized using any synthesis technique 

in a detailed manner. At this juncture, the authors are interested in preparing the Bi0.2Ni0.8-

yGdyFeO3 (with varying y-content from 0.2, 0.4, 0.6, and 0.8) nanoparticles (BGNFO) via the 

hydrothermal synthesis method (Figure.1), wherein the low operating temperatures, high 

crystallinity, less expenditure, less time consumption, etc., are some of the benefits as 

compared to other synthesis methods [66, 67]. Further, the samples are characterized for 

structure, morphology, magnetic, and thermal properties. 

2. Materials and Methods 

For the preparation of Bi0.2Ni0.8-yGdyFeO3 (y=0.2-0.8) (BGNFO) nanoparticles, the raw 

materials in nitrate form such as [Bi(NO3)3.5H2O, >99.99 % purity, Sigma-Aldrich], Nickel 

(II) nitrate hexahydrate [Ni(NO3)2.6H2O, 99.92 % purity, Sigma-Aldrich], Gadolinium (III) 

nitrate hexahydrate [Gd(NO3)3.6H2O, 99 % purity, Sigma-Aldrich] and Iron (III) nitrate 

nonahydrate [Fe(NO3)3.9H2O, 99.99 % purity, Sigma-Aldrich] are selected.  

 
Figure 1. Schematic diagram for the synthesis of Bi0.2Ni0.8-yGdyFeO3 (y=0.2-0.8) nanoparticles.  

Firstly, these materials were dissolved in the distilled water in a 1:4 ratio. Further, the 

solution is stirred for two hours constantly with a stirring rate of 550 rpm. In the meantime, the 

NaOH solution (1:3 ratio) was poured drop by drop into the precursor solution. Then the 

solution was shifted to a Teflon bowl of 300 mL and then inserted into a stainless steel 

autoclave. Then the hydrothermal reaction was performed at 150°C for 8 hours. After 

completion of the reaction, the sample was extracted and washed almost ten times to maintain 
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a neutral pH. In the next step, the sample was dried/centrifuged to remove the moisture content. 

The samples in powder and pellet form were sent for various characterizations with the help of 

the X-ray diffractometer (Bruker XRD, wavelength of CuKα=0.15406 nm), Field-emission 

scanning electron microscopy (Ultra 55 FE-SEM, Carl Zeiss), Transmission electron 

microscopy (TEM, Model JEOL JEM 2100), vibrating sample magnetometer, TG-DSC 

(thermogravimetry-differential scanning calorimetry), etc., for studying the structure, 

microstructure, magnetic behavior, thermogravimetric analysis, etc., of samples (Figure 1). 

3. Results and Discussion 

The X-ray powder diffraction patterns are depicted in Figure 2. It is evident that the as-

synthesized BGNFO nanoparticles reveal the high crystalline phases at the (104) reflection 

plane. The peals are on par with the standard JCPDS:71-2494 of bismuth ferrite, including 

some secondary phases which are connected to Bi2Fe4O9 (indexed by * symbol) (JCPDS file 

No:25-0090). The comparison of current peaks with JCPDS indicated that the samples showed 

rhombohedral (trigonal) structure. The secondary phases are formed owing to the substitution 

of Gd+3 cations into the bismuth nickel ferrite system. This manner can, in turn, change the unit 

cell dimensions as reported in literature [68]. According to Shannon [69], it is noted that ionic 

radii of Bi3+: 0.096 nm, Ni2+: 0.072 nm, Fe3+: 0.064 nm, Gd+3: 0.0938 nm, and Fe2+: 0.063 nm. 

From this data, one can understand that the ionic radius of Gd+3 is much larger than that of 

Ni+2. The difference is almost 20 %, and therefore, it enhances the fluctuation of the site, 

leading to an unstable nature of the system. In addition, the valency mismatch shows the 

problem for charge neutrality. At this moment, the high probability will be there for trivalent 

cations (Gd+3) to replace the ferric ions or Bi+3 cations. This kind of trend usually expands the 

unit cell volume, thereby increasing the lattice site. It is also understood that, due to a mismatch 

in charge and ionic radii, the evolution of secondary will occur [68]. Further, it leads to the 

unsystematic variation of lattice parameters in the compound as a function of composition. In 

the current work, the Gd3+ cations randomly replace either Fe+3 cations or Bi+3 cations. If it 

replaces the Bi+3 cations, the resultant lattice constant will be increased due to having high 

ionic radii of Bi+3 ions as compared to the Gd+3 cations. On the other hand, the gadolinium 

cations may occupy the ferric ions, inducing a reduction in the lattice constant. However, the 

occupancy by the gadolinium cations is unpredictable, and it takes place randomly. 

Consequently, the non-monotonic variation of unit cell dimensions (a, b, and c) as a function 

of ‘y ’ can be expected here. On par with the expectation, the lattice constants (a, b, and c) are 

found to be increasing from 0.5628 to 0.5693 nm for y=0.2-0.4, while for y=0.4-0.6, they were 

decreased from 0.5693 to 0.5648 nm. But for y=0.6-0.8, it is noted to be increasing from 

0.5648-0.5702 nm. This kind of trend was earlier reported in the literature [68]. Likewise, the 

unit cell volume (V) varied nonmonotonically between 440.8 and 453.2 Å3. The Scherrer 

formula: D=0.9λ/βCosθ, where ‘β’ is the full width half maxima, ‘λ’ is the wavelength of CuKα 

(0.15416 nm), and ‘θ’ is the diffraction angle [69] was used to determine the crystallite size 

and the results were found to be altering unsystematically between 24.9 to 52.5 nm within the 

provided error bar limits (Table 1). The reason could be the nonmonotonic variation trend of 

full width half maxima (FWHM) with the increase of Gd-content. It is seen from Table 1 that 

the FWHM values are changing from 0.562 to 0.787 radian. This usually offers an inverse 

proportional relationship with D-value [70-74]. The theoretical density: 

ρx=(Z*CMW)/(N*V)                        (1) 
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Where Z is the effective number of atoms per unit cell for a trigonal structure, CMW is 

the compositional molecular weight, and ‘N’ is Avogadro’s number) was evaluated and noted 

to be increasing from 7.982 to 9.983 g/c.c as a function of Gd-content. The samples became 

denser owing to the substitution of the Gd element. However, the increasing trend of density 

took place due to the increase of compositional molecular weight (CMW) from 212.31-271.45 

g/mole for y=0.2-0.8. In this sequence, the specific surface area (S) was found to vary 

unsystematically from 11.4-28.3 m2/g. Moreover, the variation is inverse to the variation of D. 

S=6000/(ρx*D)                                      (2) 

In Figure 3, the FESEM images are shown at a 1-micrometer scale and 25 k 

magnification. The morphology confirmed that the y=0.2 and 0.4 samples clearly showed the 

spherical and homogeneous nature of the grains. But on the other hand, the y=0.6 sample 

showed a huge amount of nanorods, and y=0.8 revealed the presence of nanorods hidden 

among the nanospheres. This kind of morphology deformation happened owing to the presence 

of Gd+3 cations in the BNF system. This can be ascribed to the formation of secondary phases 

due to ionic radii and valency mismatch as reported in the literature [73, 75]. According to the 

nucleation process, the doped/substituted cations will induce the oscillations or vibrations due 

to the developed microstrain. These vibrations will be set up in different orientations of 360°. 

Hence, the resultant morphological structure will be elongated in that direction, leading to the 

formation of nanorods that lack flexibility. The grain size was determined using the linear 

intercept method, which is used to find the average grain size (Ga). For this, the equation: 

1.5L/MN, where the L: test line’s length, M: magnification & N: the count of the grains 

intersecting the test line [76-78]. The obtained results concluded that the Ga values vary (86-

149 nm) on par with the D-values. But the magnitude of Ga seemed to be very high compared 

to the crystallite size. In Figure 4, the TEM and SAED images are shown, indicating that the 

y=0.2 and 0.4 samples exhibit spherical nanoparticles, whereas the y=0.6 and 0.8 samples 

exhibit nanorod-like microstructures. Clearly, the microstructural deformation is found in the 

TEM. The results are on par with the FESEM images in terms of shape and deformation as a 

function of ‘y ’. The SAED (selected area electron diffraction) patterns explicitly convey that 

the high intensity was formed for all concentric rings, stating the high crystalline phases of 

BGNFO. All these rings are on par with the reflection planes of XRD patterns. A little 

agglomeration was also identified for all the samples when looking at the connected nature of 

particles/rods due to magnetic interactions among nanostructures [79, 80].  

Table 1. Data of structural and physical parameters of Bi0.2Ni0.8-yGdyFeO3 (y=0.2-0.8) nanoparticles. 

y 0.2 0.4 0.6 0.8 

D (nm) 38.2+0.261 24.9+0.528 42.1+0.472 52.5+0.851 

a=b (Å) 5.628 5.693 5.648 5.702 

c (Å) 13.942 13.986 13.820 13.886 

FWHM (β) 0.638 0.787 0.618 0.562 

V (Å3) 441.604 453.290 440.857 451.473 

CMW (g/mole) 212.31 232.02 251.73 271.45 

ρt (g/c.c.) 7.982 8.498 9.481 9.983 

S (m2/g) 19.68 28.36 15.03 11.45 

Ga (nm) 108 86 127 149 
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Figure 2. The XRD patterns of Bi0.2Ni0.8-yGdyFeO3 (y=0.2-0.8) nanoparticles. 

  

  
Figure 3. The FESEM images of Bi0.2Ni0.8-yGdyFeO3 (y=0.2-0.8) nanoparticles. 

 

The magnetization versus magnetic field curves (M-H) of BGNFO nanorods are shown 

in Figure 5. It is obvious that the M-H curves are not fully saturated, and they exhibit the 

unsaturation trend at even the higher magnetic fields. This ensures the existence of 

paramagnetic content in the y=0.2-0.8 samples. It can be attributed to the presence of Gd and 

O elements in the system. The M-H curves show the high saturation (maximum) magnetization 

(Ms/Mmax) as listed in Table 2. The variation trend depicts the unsystematic manner of 

magnetization as a function of ‘y ’ from 12x10-3 to 26x10-3 emu (Table 2).  
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Figure 4. The TEM images and SAED patterns of Bi0.2Ni0.8-yGdyFeO3 (y=0.2-0.8) nanoparticles. 
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The developed secondary phases, as well as paramagnetic content, will usually reduce 

the magnetization values. The magnetic exchange interactions among Fe-O-Fe vary 

unsystematically, and therefore, the saturation magnetization values are getting reduced from 

12x10-3 to 26x10-3 emu with an increase in Gd-content.  

The formed ferric ions at the B-site of the perovskite system and even migration of 

those cations to the A-site may induce the reduction of magnetization with Gd-content [80]. 

On the other hand, the coercivity Hc also seemed to be high, indicating the hard magnetic nature 

of the samples. This nature is obtained due to the inclusion of the rare-earth element Gd. The 

values are altering nonmonotonically with an increase in ‘y ’ from 785 to 820 Oe. The 

maximum amount of coercivity is developed due to the domain wall rotation rather than the 

domain wall displacement.  

Table 2. The magnetic parameters of Bi0.2Ni0.8-yGdyFeO3 (y=0.2-0.8) nanoparticles. 

y Ms (emu) Hc (Oe.) Mr (emu) R=Mr/Ms 

0.2 26x10-3 820.6 5.1x10-3 0.196 

0.4 13x10-3 785.2 4.4x10-3 0.338 

0.6 14x10-3 800.4 4.3x10-3 0.307 

0.8 12x10-3 801.6 4.1x10-3 0.342 

Table 3. The thermal parameters (TG-DSC) of Bi0.2Ni0.8-yGdyFeO3 (y=0.2-0.8) nanoparticles. 

y Δw (%) Tg (°C) Tc (°C) Tm (°C) 

0.2 2.3 200 435 1340 

0.4 3.4 205 390 1340 

0.6 3.3 200 430 1340 

0.8 2.6 195 650 1340 

 

  

  
Figure 5. The M-H curves of Bi0.2Ni0.8-yGdyFeO3 (y=0.2-0.8) nanoparticles. 

 

The retentivity Mr values are observed to be small, decreasing from 5.1x10-3 to 4.1x10-

3 emu with an increase in Gd-content. In addition, the squareness ratio R is noted to be less 
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than 0.5 for all samples. This establishes the fact that the prepared BGNFO nanorods are of 

multidomain magnetic in nature. The R-values are noted as changing from 0.196 to 0.342. As 

a whole, it is understood that the samples reveal the ferromagnetic nature pertaining to the 

paramagnetic terms. A similar kind of observation was noticed in the literature [80]. 

The TG-DSC curves for BGNFO nanorods are recorded between RT and 700°C and 

1400°C, respectively. The TG curves are shown in Figure 6, and Figure 7 shows the DSC 

curves. The magnitude of some parameters like weight loss (Δw (%)), glass transition Tg (
oC), 

crystallization Tg (
oC), and melting temperatures Tg (°C) are recorded in Table 3. For y=0.2 

and 0.8 samples, the weight loss was found to be less than 2.3 and 2.6 %, respectively. On the 

other hand, the y=0.4 and 0.6 samples expressed the high weight loss (3.4 and 3.3 %), indicating 

the high shrinkage of the samples. This ensures that the moisture content and other nitrate 

products were extracted predominantly from the samples. In the DSC curves, the glass 

transition temperatures were almost identical at around 200°C, indicating a magnetic transition 

from ferro to paramagnetic. Above the Tg value, the crystal grains will be formed, showing the 

conducting region as well as the nonconducting region called the grain boundary. Forming the 

crystal grains will be referred to as the crystallization process. It happened for all the samples, 

400-435°C, except for y=0.8. For y=0.8, the high crystallization temperature (Tc=650°C) was 

found. This can be attributed to the high grain size/particle size/crystallite size of the sample. 

In Table 1, the y=0.8 expresses the grain size of 149 nm, and the crystallite size of 52 nm. The 

sample with high grain size will consume much higher temperatures to be crystallized as well. 

This temperature even predicts the formation of BGNFO compounds. The diffusion of 

elements into the structural system will take place at Tc. Similar observations were found in the 

literature [81, 82]. Above this temperature, gradually the sample gets converted into a liquid 

and reaches the melting temperature. For y=0.2-0.8 samples, the melting temperatures Tm were 

noted to be almost equal at 1340°C. This establishes the fact that the Ni-content did not 

influence the melting temperature. But nevertheless, the Gd content only influenced the melting 

temperature.   

  

  
Figure 6. The TG curves of Bi0.2Ni0.8-yGdyFeO3 (y=0.2-0.8) nanoparticles. 
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Figure 7. The DSC curves of Bi0.2Ni0.8-yGdyFeO3 (y=0.2-0.8) nanoparticles. 

4. Conclusions 

The BGNFO nanorods were synthesized using a low-temperature hydrothermal route. 

The XRD analysis confirmed the rhombohedral structure of the samples, including secondary 

phases. The lattice constants (a, b, and c) are found to be increasing from 0.5628 to 0.5693 nm 

for y=0.2-0.4, while for y=0.4-0.6, they were decreased from 0.5693 to 0.5648 nm. But for 

y=0.6-0.8, it is noted to be increasing from 0.5648-0.5702 nm. The FESEM and TEM evidence 

the formation of nanospheres for y=0.2 and 0.4, while for y=0.6 and 0.8, clearly, the nanorods 

were formed due to the nucleation process. The high grain size/particle size/ crystallite size 

was found for the y=0.8 sample. The M-H curves show a ferromagnetic nature with the 

inclusion of a paramagnetic term (hard magnetic nature). For y=0.2 and 0.8 samples, the weight 

loss (Δw) was found to be less than 2.3 and 2.6 %, respectively. On the other hand, the y=0.4 

and 0.6 samples expressed the high weight loss (3.4 and 3.3 %), indicating the high shrinkage 

of the samples. The crystallization for all the samples occurred at 400-435°C except for y=0.8. 

For y=0.8, the high crystallization temperature (Tc=650°C) was found, indicating the high grain 

size/particle size/crystallite size of the sample. The melting temperature for y=0.2-0.8 samples 

was recorded at around (Tm) 1340°C. The structure, magnetic nature, and thermal properties 

are studied in a detailed manner for Bi0.2Ni0.8-yGdyFeO3 (y=0.2-0.8) nanoparticles.  
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