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This work investigates the synthesis and properties of barium hexaferrite (BaFe12O19) and its Reduced 

Graphene Oxide (rGO) nanocomposites using the auto-combustion sol-gel method. BaFe12O19 is 

known to have certain limitations in practical applications, which motivates the development of 

BaFe₁₂O₁₉-based nanocomposites with carbon-based materials such as rGO to enhance their 

multifunctional behavior. The study explores the impact of different rGO content (10%, 20%, 40%, 

and 50% Wt.%) on the nanocomposites’ structural, optical, and magnetic properties. The techniques, 

including X-ray diffraction (XRD), field emission scanning electron microscopy (FESEM), and 

magnetic hysteresis measurements were used to characterize the samples. The structural studies 

revealed the formation of nanocomposite. Optical studies indicated that the band gap energy 

decreased from 1.62 eV for pure BaFe12O19 to 1.48 eV for the composite containing 50% rGO. 

Concurrently, magnetic hysteresis measurements showed a reduction in saturation magnetization, 

from 54.21 emu/g for pure BaFe12O19 to 23.38 emu/g for the 50% rGO composite. 
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1. Introduction 

Barium hexaferrite (BaFe12O19), also known as M-type 
hexaferrite, has attracted considerable attention in the 
fields of materials science and engineering due to its unique 
magnetic and physical properties [1]. This ceramic material, 
characterized by its hexagonal crystal structure, exhibits 
high saturation magnetization [2], significant coercivity [3], 
chemical stability [4], and high thermal resistance [5], 
making it suitable for a wide range of industrial applications 
[6]. These applications include the manufacture of 
electromagnetic devices, magnetic storage media, electric 
motors, microwave devices, and advanced sensors [7]. The 
versatility of barium hexaferrite in these fields is attributed 
to its remarkable combination of magnetic, electrical, and 
mechanical properties [8]. Over the years, various methods 
have been developed for the synthesis of barium 
hexaferrite, such as sol-gel processes [9], hydrothermal 

techniques [10], chemical deposition [11], and solid-state 
reactions [12]. Achieving the desired material properties 
requires careful control of parameters such as temperature, 
pressure, and chemical composition. Among these 
techniques, the auto-combustion method stands out for its 
simplicity, efficiency, and ability to produce high-purity, 
crystalline materials. This process relies on a self-sustaining 
oxidation-reduction reaction, providing the necessary 
energy for the synthesis process and resulting in a product 
with excellent chemical uniformity [13]. While barium 
hexaferrite possesses many desirable properties, challenges 
such as high electrical resistivity can limit its performance 
in certain applications. To overcome these limitations, 
researchers have turned to composite materials, combining 
barium hexaferrite with nanomaterials, especially two-
dimensional materials like graphene [14].  
Graphene, a monolayer of carbon atoms arranged in a two-
dimensional hexagonal lattice, is distinguished by its 
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exceptional electrical conductivity, outstanding mechanical 
resilience, extensive surface area, and remarkable thermal 
and electromagnetic wave absorption properties [15, 16]. 
The integration of graphene into barium hexaferrite 
enhances the composite's overall performance by reducing 
electrical resistivity, improving microwave absorption 
capabilities, and increasing the mechanical strength and 
thermal stability of the material [17]. Graphene also plays a 
crucial role in facilitating the uniform dispersion of barium 
hexaferrite nanoparticles, which improves the magnetic 
properties and structural integrity of the composite. These 
enhanced composites show promise for applications in 
electromagnetic interference shielding, microwave devices, 
and sensors, as well as in energy storage systems and high-
temperature industrial environments [18,19]. This 
composite material paves the way for the advancement of 
multifunctional materials with integrated properties, 
tailored to meet diverse requirements in fields such as 
electronics, biomedicine, energy storage, and beyond. 
Nevertheless, achieving optimal performance and targeted 
applications depends heavily on the specific demands of 
each use case. Within academic research, numerous studies 
have highlighted the relationship between material 
characteristics and processing techniques. Jie et al. utilized 
a composite of BaFe12O19/graphene/polyaniline applied 
through a coating method on flexible fabrics, aiming to 
enhance microwave absorption, with a particular emphasis 
on the crucial role of graphene in improving electrical 
conductivity, thermal stability, and overall absorption 
efficiency [20]. Wang et al. developed a flexible and robust 
multilayer composite fabric coated with BaFe12O19 / 
graphene oxide (GO), aiming to achieve high-performance 
electromagnetic shielding and microwave absorption, 
highlighting the synergy between BaFe12O19 and GO for 
enhanced absorption efficiency, mechanical strength, and 
durability [21]. Moreover, Mehrabani et al. investigated the 
influence of GO content on the optical, magnetic, and 
dielectric properties of BaFe12O19/GO nanocomposites, 
demonstrating that variations in graphene oxide 
concentration significantly affect the structural, magnetic, 
and electromagnetic behavior of the resulting materials 
[22]. 

This study examined the influence of rGO content on the 
properties of the composites, offering insights for 
optimizing their performance in applications including 
electronics, energy storage, and electromagnetic devices. 
The research enhances our understanding of BaFe12O19/rGO 
composites while emphasizing the importance of rGO 
concentration in adjusting the material's functionality. By 
varying the rGO weight percentages (10%, 20%, 40%, and 
50%) and analyzing their magnetic characteristics, we can 
identify the most suitable configurations for applications in 
magnetic recording and memory devices, which will be 
discussed in greater detail in the following sections. 

2. Experimental procedures and details 

2.1. Synthesis of BaFe12O19 

      The Auto-Combustion Route (ACR) sol–gel method was 
employed as a cost-effective and efficient approach for 
synthesizing nanoparticles [23]. The materials used for the 

synthesis included Iron (III) Nitrate Hexahydrate (Fe 
(NO3)3·9H2O, Merck 99%), Barium Nitrate (Ba (NO3)2, 
Merck 99%), and Ammonia (25% NH3), all of which were 
analytical grade and sourced from Merck. Fe (NO3)3·9H2O 
and Ba (NO3)2 were selected as starting materials, while 
citric acid (Merck 99%) was employed as a fuel. The 
synthesis process was carried out with a molar ratio of 
Ba:Fe set at 1:11 and a metal-to-fuel ratio of 1:13. It is 
worth noting that the nominal stoichiometric ratio of Ba:Fe 
in BaFe12O19 is 1:12; however, in this study, a slightly 
reduced Ba:Fe molar ratio of 1:11 was intentionally 
employed. This deviation aims to compensate for the 
possible evaporation losses of barium at elevated 
temperatures during the annealing process and to prevent 
the formation of secondary non-magnetic phases, such as 
BaFe2O4 or unreacted Fe2O3. The required amounts of 
metal ions were dissolved in deionized water and stirred at 
room temperature for 25 minutes. Citric acid was then 
added, and the solution was continuously stirred at 80 °C 
for an additional 30 minutes until complete dissolution was 
achieved. To regulate the pH to 7, ammonia was gradually 
introduced into the solution. The mixture was then heated 
at 150 °C for 2 hours, followed by an increase in 
temperature to 300 °C to remove water and obtain a 
viscous gel-like solution. The combustion of the formed 
mass resulted in gas evolution and sustained burning, 
yielding a powder precursor. Finally, to refine the 
nanostructure and eliminate residual impurities, the 
obtained powder was annealed at 1100 °C for 6 hours. A 
schematic representation of the synthesis steps is shown in 
Figure 1. 

 

Fig. 1. Schematic representation of the sol-gel synthesis of BaFe12O19 
via the self-combustion reaction: (a) solution-to-gel transition, (b) 
auto-combustion at 300 °C, and (c) final powder obtained after 
annealing. 

 

2.2. Synthesis of BaFe12O19/rGO nanocomposites 

For the fabrication of nanocomposites with different 
reduced graphene oxide (rGO) contents, the synthesized 
BaFe12O19 (BFO) powder and rGO powder were separately 
dispersed in ethanol to ensure proper distribution. Each 
suspension underwent ultrasonic treatment for 30 minutes 
to break up agglomerates and enhance dispersion. After 
this step, the rGO suspension was incrementally added to 
the BFO dispersion, followed by an additional 30 minutes 
of sonication to promote uniform mixing at the nanoscale. 
The resulting homogeneous mixture was then transferred 
to an oven and dried at 60 °C for 6 hours to remove residual 
solvent, yielding a fine composite powder. The 
nanocomposites were prepared with rGO weight fractions 
of 10%, 20%, 40%, and 50%, and were designated as BFO-
10rGO, BFO-20rGO, BFO-40rGO, and BFO-50rGO, 
respectively. 
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2.3. Characterization 

The structural characteristics of the samples were 
analyzed using X-ray diffraction (XRD, ASENWARE AW-
XDM300, Taiwan) with Cu Kα1 radiation (λ = 0.15406 nm). 
Surface morphology and elemental composition of the 
nanocomposites were examined via Field Emission 
Scanning Electron Microscopy (FESEM, Sigma 300-HV, 
Zeiss, Germany) coupled with energy-dispersive X-ray 
spectroscopy (EDX, integrated with the FESEM system). 
Optical properties were investigated using diffuse 
reflectance spectroscopy (DRS, Shimadzu UV3600) over 
the wavelength range of 300–1100 nm. Magnetic behavior, 
including hysteresis loops, was measured at room 
temperature using a vibrating sample magnetometer (VSM, 
Weistron VSM1100, Taiwan) under a maximum external 
magnetic field of 0.8 T. 

3. Results and Discussion 

3.1. X-ray diffraction 

Fig. 2 illustrates X-ray diffraction patterns of the 

synthesized BaFe12O19 and BaFe12O19/rGO nanocomposites 

with varying percentages. The XRD patterns confirm the 

presence of the BFO phase (JCPDS 01-084-0757), with 

diffraction from hkl planes of (110), (107), (114), (203), 

(205), (206), (1011), (209), (217), (2011), (220), and 

(2014), of the hexagonal structure, with P63/mmc space 

group (a  =b  =  5.894 Å, and c  =  23.215 Å) [24]. Furthermore, 

in the composite samples, diffraction peaks corresponding 

to the (002) plane of the rGO phase are clearly observed 

[25]. The average nano crystallite size was determined 

using the Scherrer equation [26]:  

D =
Kλ

βcosθ
   (1) 

in this equation D is crystallite size, K is a shape-dependent 

constant with a typical value of 0.9, (1.54Å)  indicates the 

incoming X-ray wavelength, β corresponds to the full width 

at half maximum (FWHM) of the relevant diffraction peak 

expressed in radians, and θ stands for the Bragg diffraction 

angle. Table 1 summarizes the average crystallite sizes and 

lattice parameters of the studied phases. For the pure BFO 

sample, the crystallite size calculated using the Scherrer 

equation was 49 nm. 

 
Fig. 2. XRD patterns for the BFO and BFO-xrGO nanocomposites (x = 
10, 20, 40, 50 wt.%). 

Fig. 3 presents the Williamson–Hall (W–H) plots 

constructed using the W–H equation (Eq. 2) [27]: 

𝛽𝐶𝑜𝑠Ɵ = 4𝜀𝑆𝑖𝑛Ɵ +
𝐾𝜆

𝐷
 (2) 

Where ε represents the lattice strain. The diffraction peaks 

corresponding to (110), (107), (114), (203), (205), (2017), 

and (2011) were utilized for these plots. The W–H method 

yielded smaller crystallite size values compared to those 

calculated with the Scherrer equation, which can be 

attributed to lattice strain. Additionally, the dislocation 

density (δ) calculated using Eq. 3 [28], along with the strain 

values, are presented in Table 1.  

𝛿 =
1

D2
 (3) 

Upon forming the composite with rGO, there is an overall 

trend of decreasing crystallite size. The strain and 

dislocation density within the lattice show a slight increase. 

The reduction in crystallite size after the addition of rGO 

can be attributed to the presence of the rGo matrix, which 

may hinder the crystal growth. 
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Fig. 3. W-H diagrams for the nanocomposites (a) BFO, (b) BFO-10rGO, (c) BFO-20rOG, (d) BFO-40rGO, and (e) BFO-50rGO. 

 

 
Table 1. Structural Parameters Derived from XRD Analysis. 

Sample Crystallite 
size(nm) 
(Scherrer) 

Crystallite size(nm) 
(W-H) 

Strain )2-nm( δ 

BFO 49 34 0.010 0.0008 

BFO-10rGO 46 23 0.015 0.0018 

BFO-20 rGO 43 21 0.019 0.0022 

BFO-40 rGO 42 20 0.017 0.0022 

BFO-50 rGO 27 16 0.031 0.0039 

 

 

3.2. FE-SEM analysis 

      The surface characteristics of the nanocomposites were 

examined using Field Emission Scanning Electron 

Microscopy (FESEM), and the resulting images are 

presented in Figure 4 at scale bars of 100 nm and 1 μm 

(inset). The pure BaFe12O19 sample exhibits a mixture of 

plate-like and rod-like grains with square cross-sections. 

Upon the incorporation of rGO, significant changes in 

particle size, distribution, and morphology are observed, 

highlighting the influence of rGO on the growth and 

aggregation of nanoparticles. A closer look at the particle 

size histogram reveals an unexpected trend the average 

particle size increases with higher rGO content. This 

phenomenon can be attributed to the agglomerative effects 

of rGO, which serves as a substrate for particle growth and 

promotes interconnection among nanoparticles. The effect 

is more pronounced in the BFO-40rGO and BFO-50rGO 

samples. Furthermore, this increase in particle size could 

result from changes in ion migration pathways and crystal 

growth control, ultimately leading to enhanced 

densification and structural modifications in the 

nanocomposites [29]. 

      As illustrated in Figure 5, energy-dispersive X-ray 

spectroscopy (EDX) was employed to support the FESEM 

results by verifying the variations in elemental composition 

among the samples. This technique also provides a semi-

quantitative estimation of the rGO content present in the 

material. As the rGO content increases, the carbon 

concentrations rise, while the barium and iron levels 

decrease. These findings validate the effective 

incorporation of rGO into the nanocomposite structure, 

altering the material’s physical and chemical properties 

and these structural changes influence the magnetic, 

optical, and mechanical properties of the material. 

      To further verify the elemental distribution and 

compositional uniformity of the BaFe12O19 /rGO 

nanocomposites, EDS elemental mapping was carried out 

for the elements C, O, Fe, and Ba. The mapping results for 

all samples (Fig. 6) clearly demonstrate a homogeneous 

dispersion of BaFe12O19 particles over the rGO sheets. 
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Fig. 4. FESEM images of the nanocomposites (a) BFO (b) BFO-10rGO (c) BFO-20 rGO (d) BFO-40 rGO, and (e) BFO-50rGO at scale bars of 100 nm and 
1 μm (inset).  
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(a)  

(b)  

(c)  

(d)  

(e)  

Fig. 5.  EDX spectra of the nanocomposites (a) BFO, (b) BFO-10rGO, (c) BFO-20 rGO, (d) BFO-40 rGO, and (e) BFO-50rGO. 
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Fig. 6.  EDS elemental mapping images of the samples: (a) BFO, (b) BFO–10rGO, (c) BFO–20rGO, (d) BFO–40rGO, and (e) BFO–50rGO, showing the 
distribution of C, O, Fe, and Ba elements. 

3.3. Optical study 

      The optical properties of the nanocomposites were 

evaluated using the UV–visible method, generating diffuse 

reflectance spectroscopy (DRS) spectra. Figure 7 shows the 

absorption spectra of the prepared samples over the 300–

1100 nm wavelength range. The samples exhibit maximum 

absorbance in the visible region (300–700 nm), followed by 

a gradual decrease at longer wavelengths. A sharp decline 

is observed in the 700 nm -750 nm range, marking the 

absorption edge for all samples. The absorption for the 

nanocomposites decreases progressively with an increase 

in the percentage of rGO in the visible region and an 

opposite behavior above the bang gap region. 

 
Fig. 7. Absorption versus wavelength spectra for the BFO, BFO-10rGO, 
BFO-20 rGO, BFO-40 rGO, BFO-50rGO, and rGO nanocomposites.  
 
 

 



158                                                                M. Mehrabani / Progress in Physics of Applied Materials 6 (2026) 151-162 

      The band gap energies of all BFO/rGO nanocomposites 

were calculated using the well-established Tauc equation 

(Eq. 4), commonly employed in optical analysis [30]: 

Ahν=B( hν − Eg)n (4) 

where A is the optical absorbance obtained from the DRS 

spectrum. The absorbance data A were used as a proxy for 

the optical absorption coefficient (α), while B is a constant 

specific to the material and associated with electronic 

transitions. The term hν refers to the photon energy, and Eg 

represents the optical band gap of the substance. The 

exponent n defines the type of optical transition, with a 

value of 1/2 for allowed direct transitions and 2 for allowed 

indirect transitions [31,32]. The band gaps of BFO, rGO, and 

all nanocomposite samples were estimated based on the 

data illustrated in Figure 8 and summarized in Table 2. An 

increase in rGO content within the nanocomposite 

structure leads to reduction in band gap energy from 1.62 

eV for pristine BFO to 1.49 eV for the BFO-50rGO sample 

[22,25]. This observed decrease is likely attributed to the 

coverage of BFO surfaces by rGO sheets, as evidenced by 

the morphological and structural information obtained 

from FESEM and XRD analyses. 

 
Fig. 8. Band gap diagram (Eg) for the nanocomposites (a) BFO, (b) BFO-10rGO, (c) BFO-20 rGO, (d) BFO-40 rGO, and (e) BFO-50rGO 

 
 

Table 2. The band gap values determined from the optical properties. 
 

Sample (eV)gE 

BFO 1.62 

rGO 1.60 

BFO-10rGO 1.57 

BFO-20rGO 1.53 

BFO-40rGO 1.54 

BFO-50rGO 1.48 

3.4. Magnetic measurements 

      In order to examine the magnetic characteristics of the 

synthesized samples, the magnetic hysteresis loops were 

measured within a field range of up to 8000 Gauss at room 

temperature. As depicted in Figure 9, none of the samples 

achieved magnetic saturation within this field range. 

Therefore, in Figure 10, the saturation magnetization 

behavior of the samples was evaluated based on the law of 

approach to saturation, using Eq. 5 at high magnetic fields 

region [33]: 

𝑀 = MS (1 −
𝑎

𝐻
−

𝑏

𝐻2
) + χH (5) 

      In this Eq. the a/H term is associated with structural 

imperfections, while b/H² reflects the influence of 

crystalline magnetic anisotropy, and χH represents the 

paramagnetic contribution of the system. The key magnetic 

parameters, including saturation magnetization (Ms), 
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coercivity (Hc), remanent magnetization (Mr), and 

squareness ratio (Mr/Ms), are summarized in Table 3. 

Among the samples, pure BFO exhibits the highest Ms value, 

which gradually decreases as the rGO content increases. 

This decline is attributed to the incorporation of rGO a non-

magnetic component into the BFO matrix [34]. 

Additionally, the coercivity (Hc) of the nanocomposites 

surpasses that of pure BFO at higher rGO concentrations. It 

could be because the surface anisotropy of BFO 

nanoparticles changed with the addition of rGO, Table 3 

[35]. The slight curvature observed at high magnetic fields 

(referred to as a honeycomb-like appearance) can be 

attributed to the combined effect of the incomplete 

saturation of BaFe12O19 at 0.8 T and the linear 

paramagnetic contribution of rGO, which is accounted for 

in the χH term in Eq. (5). 

 

Fig. 9. Magnetic Response of BFO and BFO-xrGO Nanocomposites (x = 
10, 20, 40, 50 wt%). 

      The incorporation of rGO powder into the 

BaFe12O19/rGO composite plays a crucial role in altering its 

magnetic characteristics. The decrease in Mr can be 

attributed to the magnetic dilution effect, since the 

incorporation of non-magnetic rGO into the BFO matrix 

reduces the overall magnetic moment per unit mass. 

Additionally, rGO contributes to variations in the coercivity 

of the composite and affects both the demagnetization 

behavior and particle size distribution. The presence of rGO 

introduces a certain degree of structural disorder, which 

may disrupt the uniform arrangement of magnetic 

domains, thereby reducing the overall magnetization. 

Moreover, the observed decrease in remanent 

magnetization can also be attributed to the synthesis 

method and the interfacial interactions between rGO and 

the magnetic phase. The squareness ratio (Mr/Ms), 

extracted from the hysteresis curves and presented in 

Table 3, provides useful insight into the magnetic behavior 

of the samples. Typically, values below 0.5 are associated 

with multi-domain behavior, while higher values indicate 

stronger remanence relative to saturation magnetization. 

Although all samples exhibit the squareness ratio (SQR) 

values greater than 0.5, this parameter alone is not 

sufficient to conclusively determine a single-domain state, 

especially under the limited applied magnetic field used in 

this study. Nevertheless, the observed SQR values indicate 

favorable magnetic characteristics that support the 

potential applicability of these nanocomposites in magnetic 

storage and memory devices [36-38]. 

 
Fig. 10. Magnetization versus magnetic field at high-field regions with fitted curves for (a) BFO, (b) BFO–10 rGO, (c) BFO–20 rGO, (d) BFO–40 rGO, 
and (e) BFO–50 rGO nanocomposites. 
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Table 3. VSM-Based Extracted Parameter Summary. 

Samples 
Hc 
(Gauss) 

Ms 
(emu/gr-1) 

Mr 
(emu/gr-1) 

SQR 

BFO 
  

3574.52 54.21 33.72 0.62 

BFO-10rGO 3497.05 39.34 24.89 0.63 

BFO-20rGO 3142.44 36.10 23.11 0.64 

BFO-40rGO 3799.30 26.79 16.90 0.63 

BFO-50rGO 3853.85 23.38 14.79 0.63 

 

4. Conclusions 

In this study, barium hexaferrite (BaFe12O19) and its 

nanocomposites containing 10%, 20%, 40%, and 50% rGO 

were successfully synthesized using the auto-combustion 

sol–gel method. The results indicate that the incorporation 

of rGO significantly influences the structural, optical, and 

magnetic properties of the nanocomposites. X-ray 

diffraction patterns confirmed the formation of the 

hexagonal structure of BaFe12O19, with a diffraction peak 

corresponding to the presence of rGO. The average 

crystallite size was found to decrease from 49 nm for pure 

BaFe12O19 to 27 nm for the composite with 50% rGOThe 

FESEM images revealed that the pure BaFe12O19 sample 

exhibited a mixture of plate-like and rod-shaped grains. As 

the rGO content increased, the surface morphology 

changed, with rGO covering the barium hexaferrite 

particles. The optical studies revealed that the band gap 

energy decreased from 1.62 eV for pure BaFe12O19 to 1.48 

eV for the composite containing 50% rGO. Magnetic 

hysteresis measurements indicated that the saturation 

magnetization (Ms) of the nanocomposites decreased with 

increasing rGO content, from 54.21 emu/g for pure 

BaFe12O19 to 23.38 emu/g for the 50% rGO composite. This 

decline is attributed to the introduction of a non-magnetic 

material (rGO) into the magnetic matrix, which alters the 

magnetic interactions and domain alignment within the 

composite. Interestingly, the coercivity (Hc) values 

increased for the nanocomposites, suggesting that the 

addition of rGO enhances the magnetic stability of the 

material. Overall, the BaFe12O19/rGO nanocomposites 

exhibit promising potential for various applications, 

including electromagnetic interference shielding, energy 

storage, and advanced sensor technologies. The findings 

highlight the critical role of rGO concentration in tailoring 

the functionality of barium hexaferrite-based materials, 

paving the way for the development of multifunctional 

materials that meet the diverse requirements of modern 

industrial applications.  
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