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Nano composites of Ba0.5Bi0.5Nd0.05Fe0.95O3 multiferroic with 

graphene nano platelets (GNPs)x (x = 0, 0.125 %, 0.375 %, 

and 0.5 %) were synthesized using sol-gel auto ignition 
process. XRD analysis revealed a single rhombohedral 
distorted phase of Ba0.5Bi0.5Nd0.05Fe0.95O3. The present study 
shows the impact of GNPs on the structural, electrical, 
dielectric, and magnetic properties of Ba0.5Bi0.5Nd0.05Fe0.95O3 
multiferroics. The substitution of Rare earth elements in pure 

BFO reduced the value of leakage current which is the basic 
drawback related with pure BFO. The prepared 
nanocomposites are then sintered at 800 °C for 7 hrs. The X-
ray diffraction patterns showed the rhombohedral distorted 
perovskite crystal structure of the prepared samples including 
lattice constant, crystallite size, and X-ray density. The 
average crystallite sizes of the prepared nanocomposites are 

noticed in the range 28.14 -to 29.74 nm with increasing the 
GNPs concentration and lattice constant is found in the range 
11.59 -to 11.61 Å. Temperature-dependent resistivity is first 

observed to increase with an increase in temperature then 
resistivity decreased with increasing the temperature which 
indicates a semi-conductor-like behavior as measured by two 
probe I-V characteristics. LCR technique showed that both the 

dielectric constant and the dissipation factor are decreased 
with an increase in frequency. VSM results indicated that 
saturation magnetization is noted to increase while remanent 
magnetization decreases with increasing concentration of 
GNPs. 
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1. Introduction 
 

In Multiferroic materials (BFO,) ferroelectricity and ferromagnetism coexist. In 

multiferroic (BiFeO3) properties, electric and magnetic moderate to each other. Multiferroic 

materials are commonly studied due to wide range of spintronic device, sensor 

microelectronics device and information storage device.(Alina Manzoor et al., 2016; A 

Manzoor et al., 2015) 

 

The crystal structure of bismuth multiferroic (BFO) is perovskite structure belongs to 

R3c space group with general formula ABO3(Sobhan et al., 2015). Where A is a higher 

cation than B cation and O is oxygen. The main advantage of perovskite materials contains 

easy and simple fabrication, large solar adsorption, high flexibility of carriers for cell 

designs, less or low non-radiative charge carrier recombination and capitalization of dye-

sensitive photovoltaic cells(Green, Ho-Baillie, & Snaith, 2014). Due to its multiferroic 
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characteristics, bismuth ferrite (commonly known as BiFeO3) has proven to be one of the 

most attractive perovskites. Bismuth ferrites BiFeO3 are rhombohedral perovskites that 

belong to the R3c space group. Bismuth ferrites exhibit both ferromagnetic and ferroelectric 

properties at the same time. These structures have lattice parameters ar = 5.63Ao, ar = 

59.35 is a typical multiferroic, in which antiferromagnetic and ferroelectric exist 

simultaneously(Fatima, Ali, Iqbal, & Rizwan, 2017). Very important example BFO of a room 

temperature is a multiferroic materials with high range of Neel temperature TN ~ 640 K and 

ferroelectric ordering with a Curie temperature Tc ~ 1103 K (A Manzoor et al., 2015; Tian 

et al., 2021). Bismuth ferrite is one of the most effective visible light-driven photo catalysts. 

Electrons move towards conduction bands when exposed to visible light, leaving holes in 

the valance band, which causes organic pollutants to degrade through oxidation and 

reduction processes. In perovskites structure the band gap can be changed by several 

methods for catalytic applications. Specifically, the band-gap in bismuth ferrites can be 

changed by doping with transition metals or (rare-earth elements) fabricating its composite 

structures with additional other materials such as graphene. Inside BFO co-substitution of 

iron and bismuth has been reported various times with increase magnetic, electric and 

photocatalytic properties. According to published research, rare-earth metal doping inside 

BFO significantly enhanced its physical and chemical properties(Kiani et al., 2019; Reetu, 

Agarwal, Sanghi, & Ashima, 2011; Umar et al., 2019). 

 

Graphene is the two-dimensional crystalline form of carbon. Graphene contains a 

single layer of carbon atoms with remarkable properties, such as chemical and thermal 

stability, high electron mobility, excellent electrical conductivity, and large surface 

area(Akhavan, 2010). A high surface area is presented by single-layer of graphene. 

However it is exceedingly high cost and challenging to produce commercially. For 

environmental applications, graphene has exhibited good potential. Graphene and bismuth 

ferrites (BiFeO3) combination creates an e-trapping medium that effectively separates 

electron-hole charge carriers, reduces recombination rates, and increases photocatalytic 

activity (An et al., 2013; Rostamnia, Doustkhah, Karimi, Amini, & Luque, 2015). Due to the 

high cost and difficulty of producing pristine graphene, graphene nanoplatelets (GNP), a 

cost-effective multilayer graphene product, has recently emerged as a strong option for 

several applications, including dye-sensitized supercapacitors solar cells, and others. 

 

Graphene nanoplatelets (GNPs), are consist of multilayers of graphene in a range of 

10 to 30 layers or more and a low-cost commercial product available in the form of flakes 

plates or particles. The GNPs are less susceptible to defects because of their nanometer-

thickness. Excellent characteristics of GNPs include a efficient surface-to-volume ratio, low 

resistance, and strong mechanical qualities. Depending upon these characteristics the 

(GNPs) are very efficient materials usesd in photocatalysis, sensing, drug delivery, and 

optoelectronics device.   

 

The majority of carbon-based BiFeO3 composites used in photocatalytic processes 

are mainly depends on reduced graphene oxide or graphene. Mukherjee et al.(Mukherjee, 

Chakrabarty, Kumari, Su, & Basu, 2018) prepared BiFeO3, along with reduced graphene 

oxide, is used for photocatalysis and water splitting. BiFeO3 can be synthesized using a wide 

range of techniques, including the solid-state method, wet chemistry method, co-operation 

method, hydrothermal method, etc. Although the solid-state approach of synthesizing 

BiFeO3 results in the pure phase of BiFeO3 crystallites, there is typically poor uniformity and 

particle size control because of the high sintering temperature during the synthesis. Wet 

chemical approaches, including sol-gel and hydrothermal procedures, are therefore 

preferable because they produce higher homogeneity and allow for better control of particle 

size and purity of samples (Lam et al., 2021; Nkwachukwu & Arotiba, 2021; Remya et al., 

2020). To enhance certain of its features, BiFeO3 can be substituted with rare earth metal 

ion (Ma, Li, & Song, 2020; Waghmare et al., 2018; Zhang et al., 2012) and by adding 

graphene to prepare its composites to modify its dielectric and magnetic properties.  

 

2. Experimental Procedure 
 

In preparation of Ba0.5Bi0.5Nd0.05Fe0.95O3 multiferroic the following metal nitrates 

including Barium Nitrate (Ba(NO3)2), Bismuth chloride (BiCl3), Neodymium Nitrate Nano-

hydrate (Nd(NO3)3.H2O), iron nitrate (Fe(NO3)3.9H2O), Citric Acid (C6H8O7), and graphene 

nano-plates (GNPs)were used . For the preparation of the solution, deionized/ 
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distilled water was used. GNPs doped BiFeO3 (Ba0.5Bi0.5Nd0.05Fe0.95O3) with four samples of 

doping using different compositions like (x = 0, 0.125 %, 0.375 % and 0.5 %) were 

synthesized by sol-gel route. Bismuth nitrate, barium chloride, Neodymium Nitrate Nano-

hydrate, Iron Nitrate, Citric Acid and GNPs were dissolved into distilled water in beakers and 

then mixed in a specific measured quantity of distilled water in a 500ml sized beaker for 

further process. Obtained solutions of the samples were stirred with the help of a magnetic 

stirrer and for the sake of maintaining the pH of the samples at 7, the solution of Ammonia 

was added drop after drop into the solution. Different samples took different times for the 

conversion of a solution to be aqueous. Variation of time was in between 3 to 4 hours, and 

after further heat treatment for 25 minutes the solution was converted into Xero-gel, and 

ashes were seen in the beaker. Finally, after some time our required powder of 

nanocomposites was obtained. For mixing all the materials properly and to make the 

powder finer, this obtained powder of multiferroic was grinded for 30 minutes with the help 

of a mortar and pestle. After grinding, samples were managed in a furnace for the sintering 

process at 800°C for 7 hours. Sintering was done for condensing the materials. Regrinding 

was done for 40 minutes by using a mortar and pestle after sintering to make the fine 

powder of samples. The product was packed for further characterization. 

 

To identify the required phase formation and crystal structure of the synthesized 

samples were identify by XRD diffractometer at room temperature in 20o -70o range. To 

determine the energy bandgap of under investigated samples UV-visible spectroscopy is 

employed. To confirm the dielectric response of materials in 1KHz-1MHz frequency range 

was observed with impedance analyzer. The M-H loops and magnetic properties of GNPs 

and Nd substituted bismuth ferrites were understand by VSM analysis. The electrical 

properties of BFO/(GNPs)x nanocomposites were study by using two probe IV 

measurements technique. 

 

3. Results and Discussion 
3.1. XRD Study 
 

Figure 1 shows the XRD patterns of the Ba0.5Bi0.5Nd0.05Fe0.95O3/(GNPs)x  ferrites with 

GNPs concentration  (x = 0, 0.125 %, 0.375 %, and 0.5 %) synthesized by the sol-gel 

method.  Figure 1 demonstrated the  XRD patterns of GNPs and Nd substituted the bismuth 

ferrites that confirmes the rhombohedral perovskite structure belongs to space group (R3c). 

It can be seen that typical peaks of multiferroic with six predominate peaks occurred at 2θ 

= 21.01o, 27.44o, 31.74o, 42.07o, 45.49o and 56.49o  across miller indices or plane (012), 

(002), (104), (202), (024) and (300) respectively. These peaks indicate the development of 

the crystal structure. Along with the development of rhombohedral structures, also some 

traces of secondary phases were shaped. As can be seen, only a diffraction peak can be 

found in GNP pattern and is ascribed to the (002) plane.  From the graph it is clear that 

when GNPs concentration rises the intensity of a some trends weak and becomes vanished 

(Rezlescu & Rezlescu, 1974). it is observed that there is no splitting of peaks. As concluded 

from the graph the most intense peak is (104), and the angle 2θ of the most intense peak 

is observed to be 31.74°. Average particle size of BiFeO3 is observed by the use of well 

known  Scherrer equation(Bharati et al., 2020; Ishaque et al., 2016). 

 
D = k λ/ β cos θ      (1) 

 

 In above relation ß, D, λ, and K represent the wavelength of the X-ray, average 

crystallite size, peak broadening factor, and shape factors. It is observed that the value of 

‘D’ enhanced by increasing the doping of GNPs. The cell volume and lattice constant (c and 

a) are calculated by using the equation. 

 

V = a2c × sin60o          (2) 
1

𝑑2
  =  

4

3
 

[ℎ2 + ℎ𝑘 + 𝑘2 ]

𝑎2
+ 

𝑙2

𝑐2
         (3) 

 

Where h,k,l show the  Millan indices. The “a” and “c” exhibit an upward-downward 

trend as substitution is increased. The X-ray density is calculated using the following 

equation. 
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ρx = 
8𝑀

𝑉𝑐𝑒𝑙𝑙𝑁𝐴
           (4) 
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Figure 1:  XRD patterns of BFO/GNPx nano composites (x=0.0, 0.125%, 0.375%, 

0.5%) 

 

Table 1 

Crystallite size, X-ray density, Lattice constant (a and c), and unit cell volume of 

Ba0.5Bi0.5Nd0.05Fe0.95O3 /(GNPs)x nano composites 
(GNPs)x 

(X) 
Angle 2θ 
(degree) 

Miller 
indices 
( hkl ) 

Crystallite   
size D 
(nm) 

X-ray 
density 
(g/cm3) 

Lattice 
constant 
a (Å) 

Unit cell 
volume 
V (Å)3 

0 31.76o (104) 36.19 7.06 5.63 376.62 
0.125 % 31.73o (104) 33.90 7.03 5.63 378.54 
0.375 % 31.74o (104) 34.97 7.02 5.634 378.97 

0.5 % 31.74o (104) 34.97 7.03 5.627 377.99 

 

Here Vcell, M and NA symbolizes the unit cell volume, molecular weight and 

Avogadro’s number. Some other parameters like X-ray density, Vcell of bismuth ferrites 

(BFO) having hexagonal structure, bulk density, etc based on each composition  are 

calculated and are listed below in Table 1. With increasing the doping of GNPs the value of 

x-ray density decreases in 7.02-7.06 g/cm3 range and the value of Vcell increases 377.99-

376.62 (Å)3.. Scherer's formula is also used to determine the crystallite size (Patterson, 

1939). The crystallite size is determined to be between 33.90- 36.19nm. which is 

significantly smaller than other reports on substituted ferrites nanoparticles. which have 

been reported to be between ~70 nm (Ahmadvand et al., 2010), 40-65 nm, and 36-58 nm. 

To obtain a suitable signal-to-noise ratio crystallite size play an important role in electronic 

devices and to achieve a good signal-to-noise ratio, crystallites must be less than 50 nm. 

The crystallite size in the present investigation is less than 50 nm, indicating that the 

synthesized materials may find use in the production of recording media devices to achieve 

the desired signal-to-noise ratio (Sultan et al., 2014). 

 

3.2. Dielectric Properties 
 

 The room-temperature variation of dielectric constant (έ) and tangent loss (δ) for 

GNPs doped BFO nanocomposites for a frequency range of 4 Hz to 8 MHz are show in 

figures 2 & 3. The amount of electrostatic energy retained per unit volume per unit gradient 

is calculated by the dielectric constant. Through the substance of dielectric constant 
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measured the speed of relative speed of electromagnetic signal which move in the 

substance. Dielectric constant was calculated using formula as; 

 

ε′ = 
𝐶𝑝

𝐶𝑜
 ,                         CO = 

𝐴𝜖𝑜

𝑑
      (5) 

 

 Where A is the area of pallet, Cp is parallel capacitance, έ is dielectric constant, d is 

thickness of pallet and ϵo is permittivity respectively. Figure 2 depicts the variation of 

dielectric constant (έ) as a function of applied field frequency. At the low frequency the 

dielectric constant exhibit the highest value which is due to impurities, moisture and 

dislocations. At high values of frequency, the values of the dielectric constant are so small 

that they become almost independent of the frequency. 
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Figure 2:  Frequency Vs permittivity of BFO/(GNPs)x nanocomposites 

 

As the frequency increases the values of the dielectric constant become almost 

constant. In the starting low-frequency, range dielectric constant have higher values are 

explain on the basis of the space charge polarization due to in homogeneous present in 

dielectric structure (Kumar & Yadav, 2011). The dielectric constant follows the applied 

frequency in the low region frequency region up to 1 MHz after that graph merge each 

other and shows the independent behavior up to 8 MHz for all compositions. The highest 

value of dielectric constant is obtained at x = 0.375 % as compared to all other samples. It 

is concluded that the contribution of electrons to measure the dielectric parameters is 

independent of applied field frequency (Dai, Chen, Li, Xue, & Chen, 2013). On both sides, 

when ions equally the applied frequency and natural frequency of field becomes almost 

equal, power loss rises and resonance peak take place (Khan et al., 2016). 

Ba0.5Bi0.5Nd0.05Fe0.95O3/(GNPs)x composites consist of conducting grains separated by high 

resistive grain boundaries understood by Koop’s theory and Maxwell-Wagner model of 

dielectrics (Ali, Islam, Awan, & Ahmad, 2013; Dilshad et al., 2016; Shaikh et al., 2021). 

 

Dielectric tangent loss is given by: 

 

Tanδ = 
1

2𝜋𝑓𝐶𝑝𝑅𝑝
      (6) 
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 Cp is parallel capacitance, f is frequency and Rp is the parallel resistance, respectively. 

Baviour of tangent loss for Ba0.5Bi0.5Nd0.05Fe0.95O3/(GNPs)x composites  with respect to 

frequency at room temperature is shown in figure 3.  
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Figure 3:  Frequency vs tangent loss of BFO/(GNPs)x nanocomposites 

 

 Figure 3 depicts the variation of dielectric loss of BFO/(GNPs)x nanocomposites follow 

the applied frequency. In the low frequency region dielectric loss decreases due to the 

involvement of grains. At high frequency region of 2MHz-8 MHz the dielectric loss exhibit 

frequency independent behavior because the dipoles are aligned in the direction of applied 

frequency. From the graph it is clear that the maximum value of tangent loss is observed 

for x= 0.375 % sample as compared to all other samples. The loss are strongly dependent 

on some other important factors including oxygen vacancies, interfacial polarization and  

predomenently  on applied  frequency. (Chen, J. et al., (2013). Dielecric dispersion in 

ferrites is based on Koop’s phenomenological theory and Maxwell-Wagner's model. Tangent 

loss in ferrites is considered to be creating from two phenomena: charged defect dipoles 

and hopping of electrons. 

 

3.3. Impedance Spectroscopy 
 

 Standard impedance spectroscopy was used to investigate the electrical properties 

of the samples and was carefully examined in terms of interfacial/electrode, grain, grain 

boundary, etc. Impedance technique was used to record electrical responses at particular 

temperatures when a sinusoidal signal with a frequency of 1 KHz to 8 MHz was applied 

(Brahma et al., 2022). The change in the impedance with respect to the frequency is shown 

in the figure. As the frequency increase, the measured value of impedance decreases. With 

the increasing frequency values, the impedance decreases, and at a point, the value of 

impedance almost becomes constant and seems to be independent of the frequency due to 

the space charge polarization caused by the accumulation/increase  of carriers, including 

polarons, vacancies, and defects in the ceramics energetic by the high frequency, which 

leads to the maximum conductivity (priyadarsini Jena, Mohanty, Parida, Parida, & Nayak, 

2020). For concentration x=0.375 % there is constant with increasing frequency. 
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Figure 4:  Frequency vs Impedance of BFO/(GNPs)x nanocomposites 

 

3.4. Electrical Resistivity 
 

The log resistivity (𝜌) versus 1000/T, also called Arrhenius plots are shown in figure 

5. Current-Voltage(I-V) measurements are taken to measure the conducting capacity of the 

prepared photocatalysts. With the application of applied voltage (− 4.5 V to +4.5 V) the 

response of current was calculated. hydraulic press was utilized to make a pellet of definite 

dimensions. The conductivity and resistivity of all prepared sample were calculated by using 

this formula: 

 

𝜌 =  
𝑅𝐴 

ℎ
           (7) 
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Figure 5: Arrhenius plots of BFO/(GNPs)x nanocomposites 
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Where 𝜌, R, A, and h represented resistivity, resistance, area of pallet and thickness 

of the pallet, respectively. The resistance is calculated using ohms law (V = IR). In this 

research work, it is excluded that in the material the log resistivity is decreased and then 

decreased which manipulates the conductor and semiconductor behavior. In the start at the 

lower temperature values, the fabricated material showed the behavior of conductor but as 

the temperature increased the value of resistivity decreased which showed the 

semiconductor behavior of the fabricated material. So, in this research work, it is observed 

that the BFO/(GNPs)x nanocomposites have both conductor and semiconductor behavior at 

the prescribed compositions and this behavior totally depends on the temperature. By 

changing the temperature, the behavior of the fabricated material also changed. I–V graphs 

for all under investigated photocatalyst materials are shown in Fig. 5. The calculated values 

of electrical conductivity (σ) for all BiFeO3, Gd-doped BiFeO3, and Gd-doped BiFeO3/rGO 

nanocomposite were 3.61 × 10− 14 S/cm, 3.02 × 10− 13 S/cm, and 0.12 × 10− 9 S/cm, 

respectively. 

 

3.5. UV-Visible Spectroscopy Analysis 
 

UV-visible spectroscopy is used for the study of optical properties of BFO/(GNPs)x as 

shown in figure 6. Figure 6 has shown the optical absorbance of BFO/(GNPs)x 

nanocomposites in the range of 200-800 nm. Initially, optical absorption is high and after 

that with increasing the concentrartion of wavelength, it decreased. It is observed that 

variation in peak such as absorbance varies with the variation of wavelength. To calculate 

the band gap (Eg), the given below relation is used: 

 

𝛼ℎ𝜈 = 𝐴(ℎ𝜈 − 𝐸𝑔)𝑛          (8) 
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Figure 6: Absorbance vs Wavelength of BFO/(GNPs)x nanocomposites 

 

Here α, hv, A, n, and Eg are absorption coefficient, photon energy, integer, and band 

gap energy respectively. The Eg is calculated using n for allowed direction transition. The 

calculated values of Eg from experimental data are 2.71 eV, 2.79 eV, 2.85 eV, and 2.88 eV 

for samples (GNPs)0, (GNPs)0.125%, (GNPs)0.375%, and (GNPs)0.5%, respectively as shown in 

figure 7. In this experiment it is note that band gap continuously increases and turned 

toward lies in visible region with increasing the concentration of GNPs. This variation in 

band gap is directly depend on GNPs concentration and phenomenon is mainly due to the 

hybridization between CFO and GNPs nanostructures. This increase in hybridization between 

CFO and GNPs is due to the strong Fe–O–C bonds. The additional energy levels that are 

introduced by this chemical interaction between the composite material's conduction and 

valence bands, band gap energy is reduced (Devi & Srinivas, 2017). Conversely, it is 

observed that, increase the concentration of GNPs band gap increase. This difference for 

higher doping of GNPs was mainly by Burstein-Moss effect.  By the application of this effect 



Arsa Nageena, Alina Manzoor, Amir Muhammad Afzal, M. Imran Arshad, Aamir Shahzad, Muhammad Kashif 
 

67 
 

in semiconductor materials the conduction band is full of electrons. So maximum number of 

electrons enter in conduction band from the grapheme. As a result higher concentration of 

GNPs provide more π-electrons to transfer the conduction band of CFO nanostructures(Israr 

et al., 2020). 
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Figure 7:  Energy vs bandgap of BFO/(GNPs)x nanocomposites 

 

3.6. Magnetic Analysis  
 

The magnetic behavior of GNPs doped Ba0.5Bi0.5Nd0.05Fe0.95O3 nanocomposites is 

investigated using vibrating sample magnetometer at room temperature. The M-H loops of 

all prepared nanocomposites are shown in figure 8. The magnetic parameters of the 

synthesized samples, such as remanence (Mr), saturation magnetization (Ms), and 

coercivity (Hc) are determined from M - H loops and are listed in Table 2. Due to the high 

value of leakage current and coercivity all the M-H loops are broken and unsaturated 

(Ahmed et al., 2022). So, to produce M-H loops for BFO, the higher applied voltage is not 

favorable as under observation samples are damaged under high temperatures. As can be 

seen from Table 2, the saturation magnetization is decreased from 35.95 -to 27.18 emu/g 

and the value of remanence magnetization (Mr) is increased from 6.59 -to 11.27 emu/g up 

to substitution level x=0 to 0.125 % of GNPs. After this, the value of Ms is increased from 

27.18 -to 36.89 emu/g whereas the remanent magnetization is decreased from 

substitutional level x= 0.125 % to 0.5 % with an increase in the GNPs concentration. With 

GNPs doping, the highest value of saturation magnetization is 36.89 emu/g for substitution 

level x=0.5 % and highest value of remanent magnetization is 11.27 emu/g for x= 0.125 

%. The coercivity first decreases from 168.75 to 130.43 Oe for x= 0 to 0.125 % then it 

increases suddenly with an increase in the concentration of GNPs. The nano composites of 

Bi0.5Ba0.5Nd0.05Fe0.95O3 and GNPs have a significant impact on their magnetic properties. 

 

Table 2 

Magnetic parameters such as saturation magnetization (Ms), remanence 

magnetization (Mr), coercivity (Hc) and ratio  
𝑴𝒓

𝑴𝒔
 from hysteresis loops of 

BFO/(GNPs)x nanocomposites 

Concentrations 

(GNPs)x 

Ms (emu/g) Mr 

(emu/g) 

Hc (Oe) Remanent ratio 

(emu/g) R= Mr/Ms 

0 35.95 6.59 168.75 0.18 

0.125 % 27.18 11.27 130.43 0.41 

0.375 % 29.48 3.75 149.99 0.13 

0.5 % 36.89 3.64 160.27 0.098 
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Figure 8: Combined MH loops of BFO/(GNPs)x nanocomposites 

 

Conclusion 
 

GNPs doped BFO multiferroics were successfully prepared by self- ignited auto 

combustion sol-gel method. XRD patterns showed that BFO/GNPs nano composites 

possessed a rhombohedral distorted perovskite structure. Crystallite size was found below 

50 nm while lattice constant was noted in the range of 5.62-5.63 Å. Dielectric constant and 

dissipation factor were observed to decrease with an increase in frequency. Electrical 

properties revealed the semiconductor type behavior of BFO/GNPs nano composites. UV-

visible spectroscopy analysis showed that band gap rises with higher GNPs ratio due to 

Burstein-Moss effect would permit more π-electrons to enter the conduction band. The 

saturation magnetization increased while remnant magnetization decreased with increasing 

concentration of GNPs. 

 

The importance of iron is well-known, and it is being employed in various 

engineering applications due to superior mechanical properties, appropriate corrosion 

resistance at a wide range of pH, and availability at a cheaper cost(McNeill & Edwards, 

2001; Nishikata, Ichihara, Hayashi, & Tsuru, 1997). Although the use of pure iron is limited 

due to stability issues because some applications demand extended stability and lesser 

density to strength ratio. Therefore, iron has been replaced by other materials like 

aluminum, magnesium, stainless steel, and other alloys in various fields of applications. But 

this material is still being used in many applications and the material scientists have always 

been working to counter its associated problems and to improve its properties for various 

applications. 
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