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ABSTRACT 

 

In this study, BaGdxAlxCrxFe (12-3x)O19 (x = 0.0, 0.2, 0.4, 0.6, 0.8) hexagonal 

ferrites were synthesized by sol-gel combustion methods. The sample X-

ray diffraction pattern shows a hexagonal phase that was identified using 

JCPDS data (00-033-1340) and had hexagonal crystal symmetry in space 

group P63/MMC. On the FT-IR spectrum of BaGdxAlxCrxFe(12-3x)O19, the 

bands at 431-605cm-1 correspond to the Fe-O stretching vibrations and 

prove the formation of nanohexagonal ferrites. Field emission scanning 

electron microscopy (FE-SEM) pictures have represented the formation of 

hexagonal nanoparticles, but by increasing the dopants, which have less 

magnetic properties than iron (III) ions, the hexagonal structure can be seen 

well yet. A vibrating sample magnetometer (VSM) shows the Ms value of 

the barium hexaferrite (BHF) sample at approximately 63.76 emu/g, which 

is proportional to the predicted value for standard hexaferrites, and Hc at 

approximately 7000 Oe, confirming the magnetic hardness of the 

nanocomposite. The hysteresis diagrams show that the values of Ms and Hc 

decrease with increasing dopants. The degradability of methylene blue 

(MB) demonstrates that all samples have desirable photocatalytic 

properties in visible light. The degradability rates in all samples are 65%-

99%. The results indicate that the degradability rate increases significantly 

as the dopant ions increase. 
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INTRODUCTION 

In recent years, M-type barium hexagonal 

ferrites (Ba-M) have been extensively used for 

ferrofluids due to their fabulous magnetic properties, 

such as high saturation magnetization, acceptable 

coercivity, magnetic resonance frequency, and good 

permeability based on their microstructures. These 

desirable characteristics can also make them suitable 

for high-density magnetic recording media and radar-

absorbing materials. Also, due to its good chemical 

stability, corrosion resistivity, and superior magnetic 

properties, water purification, and photo catalysts, it 

has received a lot of attention [1]. 

The magnetoplumbite structure of Ba-M also 

contains 24 Fe3+ ions located in five sites, of which 

three are octahedral (12k, 2a, and 4f2) sites and two 

have remained for tetrahedral (4f1) and bipyramidal 

(2b) ones. Besides, there are various reports on the 

magnetization of hexagonal ferrites with different 

inserted cations and their combinations, such as La3+, 

Co2+, Zn2+, Sn4+, La3+, Nd3+, Ce3+, Co-Zr, etc., that can 

affect magnetization. According to these studies, Nd3+ 

prefers to sit at 12k (↑) and 2b (↓) sub-lattices that can 

decrease MS [2]. There are other classes of materials, 

such as dielectric oxides and superconducting oxides 

that are also promising for practical uses. The magnetic 

properties of ferromagnetic materials are similarly 

related to five sub-lattice spin directions, in which 12k, 

2a, and 2b are up-spinning while 4f1 and 4f2 are down 

ones. However, the magnetization structure of 

synthesized magnetoplumbite is defined as depending 

on substituting up or down spins [3]. 

Various methods can be used for synthetic 

nanoparticles, such as co-precipitation, sol-gel auto-

combustion [4], hydrothermal, ultrasonic-assisted sol-

gel [5], etc. Among the synthesis methods, sol-gel 

auto-combustion has several benefits, such as time 

savings, lower prices, and the preparation of particles 

in a narrow particle size distribution. 

M-type ferrites are good candidates for 

technical applications owing to their good magnetic 

properties and high Curie temperature. Ba-M has been 

used in many applications, such as super capacitors, 

permanent magnets, microwave filters, magnetic 

recording, photocatalysts, and so on, due to their high 

chemical stability, relatively good magnetism, and low 

price [6]. Investigations in recent years have shown 

that Ba-M hexaferrite, one of the hard-magnetic 

materials with high crystalline magnetic anisotropy 

along the c-axis, can be transformed into a soft 

magnetic material with planar crystalline magnetic 

anisotropy by doping ions with different cations such 

as Fe3+, Ti4+, Co2+, Li+, and Ce4+. Many attempts have 

been made to improve the intrinsic Ba-M magnetic 

properties, such as magneto-crystalline anisotropy and 

saturation magnetism, with the substitution of cations 

such as Zr4+, Ce4+, Zn 2+, Co2+, Ni 2+, etc. Moreover, 

there are various reports on the magnetization of 

hexagonal ferrites with various doped elements and 

their combinations, such as La3+, Co2+, Zn2+ [7, 8], Sn4+, 

La3+ [9], Nd3+, Cr3+, Co-Zr [10], etc., that can affect the 

structure and magnetization. Recently, studies of the 

Fe3+ and Sr2+ substitution with metal and rare alkali 

ions have been done to improve different properties. 

Despite various studies that have investigated 

the structural and magnetic properties of barium 

hexaferrite, more investigations are required to achieve 

practical results. In this study, BaGdxAlxCrxFe(12-3x) O19 

((x=0, 0.2, 0.4, 0.6, 0.8) were synthesized via the sol-

gel auto-combustion method. The photocatalytic 

properties of synthetic samples were evaluated under 

visible light. In addition, VSM, FT-IR, XRD, and FE-

SEM were used to investigate the effect of adding ions 

on the structures and magnetic properties. 

 

EXPERIMENTAL 

Materials and Characterization 

In the present study, ferric nitrate 

(Fe(NO3)3⋅9H2O) (Merck, 99.98% pure), 

Ba(NO3)2.6H2O (Merck, 99.98%), Al (NO3)3. 9H2O 
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(99%, Sigma Aldrich), Gd(NO3)3.6H2O, 

Cr(NO3)3.9H2O, citric acid, ammonium hydroxide, and 

methylene blue dye were purchased from Sigma-

Aldrich Company and used without any purification. 

The aimed nanoparticles were prepared with the sol-gel 

auto-combustion method. 

Fourier transform infrared spectroscopy (FT-

IR) was carried out by a Bruker spectrophotometer 

(model 1430) at room temperature, with a spectra range 

of 400–4000 cm-1. The X-ray diffraction pattern was 

recorded by a Philips- XʹPert Pro X-ray diffractometer, 

using Cu-Kα radiation (λ=1.5406 Aº) in the range of 

2ө=10-80º, with a step scan of 2◦/min to determine the 

phase of hexaferrites. 

The magnetic properties were measured by a 

vibrating sample magnetometer (VSM) at an applied 

magnetic field of ±15 kOe (measured by Magnates 

Daghigh Kavir Iran Co.). Particle morphology was 

determined by the field emission scanning electron 

microscope (FE-SEM, ZIES, and VP 500). Photo 

degradation of nanoparticles was studied by UV- Vis 

(λ = 200-800 nm). 

Preparation of Hexaferrites 

Synthesis of BaFe12O19 (A0) nanoparticles 

The nanoparticles were synthesized by the 

sol–gel auto-combustion method. For the Synthesis of 

BaFe12O19 (A0, see Table 1) as the first step, 1.023 g of 

Ba (NO3)2, 18.97 g of Fe (NO3)3⋅9H2O, and 12.83 g of 

citric acid dissolved in 200 mL deionized water. 

Subsequently, the mixture was heated at 60 ◦C for 2 h; 

then the pH of the reaction mixture was adjusted at 7–

8 by adding ammonia solution in a dropwise manner. 

After two hours, the temperature of the homogenous 

solution was raised to 100 ◦C and mixed for 2 h by 

continuous stirring to evaporate the excess water. The 

obtained dark green gel was heated to 200 ◦C, leading 

to the formation of a brown powder by the auto-

combustion reaction. To eliminate organic 

components, the resultant fluffy mass was heated at 

550 ◦C for 4 h; finally, the sample was annealed at 900 

◦C for 2 h to obtain BaFe12O19 (A0) nanoparticles. 

Preparation of A1 

A1 was synthesized by adding 1.022 g of Ba 

(NO3)2.6H2O and 0.352 g of Gd (NO3)3 .6H2O, 0.352 g 

of Al (NO3)3. 9H2O, 0.313 g of Cr (NO3)3.9H2O, 

18.016 g of Fe (NO3)3, and 11.724 g of citric acid to 

200 mL of deionized water. The synthesis of other 

substances was the same by adding stoichiometric 

amounts of compounds and via sol-gel auto-

combustion. 

Photocatalysis 

0.1 g of each sample (A0, A1, A2, A3, A4) as a 

photocatalyst was dispersed in 50 mL (10mg/L) of MB 

solution by ultrasonication for about 15 min and stirred 

under dark situation around 30 min to gain adsorption-

desorption equilibrium. Then, the samples were 

irradiated under a visible light source (the Hg-UV 

lamp, λ>400 nm). To prevent the temperature from 

increasing, the experiments were performed at room 

temperature (25°C) in the presence of a cool water 

jacket. At certain intervals (every 10 minutes), the 

samples were taken out and filtered. Then, the products 

were investigated by UV-Vis spectrophotometer. The 

photo degradation efficiency of the prepared samples 

was measured by the MB absorbance (λ max: 663 nm) 

at 0-60 min on the surface of the catalyst. 

 

RESULTS AND DISCUSSION 

Structural and morphological analysis 

X-ray Diffraction spectroscopy (XRD) 

X-ray diffraction pattern of nanocomposites 

are given in Fig.1. The pattern of samples displays 

hexagonal phase that was identified with the JCPDS 

data (00-033-1340) and had hexagonal crystal 

symmetry in space group P63/MMC. The observed 

secondary phase (small reflection at 2ө=26.5, 27.3, and 

32.3) can be identified as α-Fe2O3 impurities (clarified 

by the star (*)). 

The lattice parameters (a, c) and unit cell 

volume (Vcell) were calculated by the following 
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equations [11], Where dhkl denotes the XRD pattern 

interplanar spacing and h,k,l denotes Miller indices. 

1

𝑑2
ℎ𝑘𝑙

=  
4(ℎ2+ℎ𝑘+𝑘2)

3𝑎2 +
𝑙2

𝑐2    (1) 

𝑣𝑐𝑒𝑙𝑙 = 0.8666𝑎2 𝑐              (2) 

 

Furthermore, the average crystallite size of 

the prepared sample was also calculated by the Scherer 

equation: 

D=0.9 λ⁄Bcosθ (3)  

In which λ is the X-ray wavelength, B refers 

to the full width at half maximum (FWHM), and θ 

shows the diffraction angle. The average crystallite size 

of the samples (A0, A1, A2, A3 and A4) was about 70 

nm. The lattice parameters are represented in Table 2. 

Because the ionic radii of Al3+ and Cr3+ are smaller than 

those of Fe3+ (0.53 A°, 0.52 A°, and 0.64 A° 

respectively), the amounts of a and c were changed by 

inserting the dopants. Also, because of the larger ionic 

radii (0.93 A°) of rare-earth ions (here Gd3+ [12]), 

substitution could be limited, and by enhancing the 

amount of Gd3+ the aggregation would happen, and 

hexaferrite structure distortion is possible as well, 

which can be explained by the crystalline defects that 

are observed after inserting rare-earth ions. This fact 

can be explained by the larger ionic radii of dopants. 

The values of the c/a ratio are represented in the table 

and they are in the range of 3.91-3.98 and confirm the 

formation of M-type hexagonal structure unchanged 

[13].   

The peaks also shifted to a higher 2θ as the 

dopants were inserted. The intensity of the peaks also 

changed with the decrease in hexaferrite peaks, which 

confirms a decline in crystallization degree [14]. 

 

Table1. Sample codes 

Sample Code 

BaFe12O19 A0 

BaGd0.2Al0.2Cr0.2Fe11.4O19 A1 

BaGd04Al04Cr0.4Fe10.8O19 A2 

BaGd0.6Al0.6Cr0.6Fe10.2O19 A3 

BaGd0.8Al0.8Cr0.8Fe9.6O19 A4 

 

Table 2. Crystalline parameters of prepared samples 

sample 
Lattice constant a 

(A°) 

Lattice constant c 

(A°) 

unit cell volume Vcell 

(A°3) 
c/a 

Crystalline 

size D(nm) 

A0 5.89 23.21 697.78 3.94 42.6 

A1 5.93 23.33 710.95 3.93 85.5 

A2 5.96 23.33 718.16 3.91 71.1 

A3 5.95 23.67 726.19 3.97 76.4 

A4 5.95 23.69 735.08 3.98 75.4 

 

FT-IR spectrums Fig.2 represents the FT-IR spectra of 
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unsubstituted and substituted hexaferrites. A (x=0, 0.2, 

0.4, 0.6 and 0.8). The peaks at 431-605cm-1 correspond 

to the Fe-O stretching vibrations [15]. By comparing 

the bands, it can be seen that they have shifted towards 

longer wavelengths, which is due to the addition of Gd 

ions. These ions are heavier than Fe, so they move the 

bands to longer wavelengths. The band seen in Fig. 2 

in the range of 862 cm-1 is related to Ba-O vibration. A 

band can also be seen in the 2354 cm-1 area that is 

related to CO2. In addition, the band at 3750 cm-1 can 

be attributed to the O-H stretching bands of water 

molecules. 

Morphology Analysis of Powders 

Morphology and chemical compositions of 

the prepared nano-hexaferrites BaGdxAlxCrxFe(12-3x) 

O19 ((x=0, 0.2, 0.4, 0.6, 0.8) (A0, A1, A2, A3, A4)) were 

examined by FE-SEM [16]. From the resulting 

micrographs, the hexagonal structure of BaFe12O19 is 

apparent (Fig. 3 (a)). Likewise, by inserting dopants 

the microstructure changed as is apparent in Fig.3 (b-

e) [17]. It should be mentioned that the average particle 

size is 120 nm for A-series samples. In the self-

combustion sol-gel method, the particles become 

porous due to the gas that comes out, and due to the 

magnetic nature of the particles, these nanomaterials 

stick together and agglomerate [4]. In example A, due 

to the high magnetism, the particles are slightly 

attached to each other, but the hexagonal structure is 

somewhat well visible. By increasing the dopants, 

which have less magnetic properties than iron (III) 

ions, the hexagonal structure can be seen well [18]. 

 

Fig.2. FT-IR spectra of BaGdxAlxCrx Fe (12-3x) O19 (x=0.2, 0.4, 0.6, 0.8) (A1, A2, A3, A4) 
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b) 

 

a) 

 

d) 

 

c) 

 

e) 

 

 
Fig.3. FE-SEM micrographs of (A0 (a), A1 (b), A2 (c), A3 (d), A4 (e)) and EDX of (A0, A1, and A4) 

Magnetic Properties 

The magnetic data of the synthesized 

nanoparticles (A0, A1, A2, A3, and A4) and the 

hysteresis rings of the nanocomposites are shown in in 

Fig.4 and Table 3. The Ms value of the BHF sample is 

about 63.76 emu / g, which is proportional to the 

predicted value for standard hexaferites [19] (63 emu / 

g). Hc is around 7000 Oe, which confirms the magnetic 

hardness of the nanocomposite. The hysteresis 

diagrams show that the values of Ms and Hc decrease 

with increasing dopants. As the ions doped increases, 

the saturation magnet decreases and this indicates that 

the magnetic properties of these substituted ions are 

low. According to the X-ray diffraction pattern and the 

hysteresis diagram of the prepared samples, the 

magnetic residue of the prepared samples decreased 

with the increase of guest ions, which indicates the 

softness of their magnetic properties. According to 

Stoner-Wolfart theory, the ratio of magnetic residue to 

ideal saturation magnet in hexagonal ferrites is about 

0.5 and confirms the existence of axial anisotropy [20]. 

When magnetic material is placed in the 

magnetic field it is observed that flux density (B) lags 

behind the magnetizing force that produces it, and a 

hysteresis loop is produced in this way [21]. Magnetic 

characteristics like saturation magnetization (Ms), 

remanence, coercivity (Hc), and squareness ratio 

(Mr/Ms) are estimated through hysteresis (M-H) loops. 

The results are introduced for the magnetic parameters 

of fabricated specimens in Table 3. Based on the 
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obtained hysteresis loops and magnetic 

characterization measurements at room temperature, 

saturation magnetization (Ms) of M-type strontium 

hexagonal ferrites was about 68.36 emu/g which was 

in good accordance with the expected amount.  

Photocatalytic activity 

The degradability rates of all substituted 

hexaferrites, BaGdxAlxCrxFe(12-3x) O19 (x=0, 0.2, 0.4, 

0.6, 0.8) (A0, A1, A2, A3, A4), were investigated under 

the visible light irradiation investigation in order to 

confirm the photocatalytic properties of the prepared 

samples. The results are represented in Fig.5. The 

percentages of degradation are around 65% to 99%. 

According to the results, the degradation rate was 

considerably enhanced in A4, which consists of larger 

amounts of inserting ions and confirmed the potential 

of substituted BaFe12O19 nanoparticles in the field of 

photocatalysis. The results have been calculated using 

the following equation: 

𝐷(%) =
𝐶0−𝐶

𝐶0
                    (4) 

C refers to the pollutant concentration (MB 

dye here) after adsorption and C0 is the initial 

concentration of dye. Under visible light exposure, A0 

and A1 have shown increased degradation up to 65% 

and 69%, respectively, in 60 minutes. Finally, the 

highest amount of degradation in 60 minutes is related 

to A4 by 92%. UV-Vis spectra were used to study the 

optical absorption of A0, A1, A2, A3, and A4. The 

obtained trend can be contributed to the inducing rare 

earth ions in the host lattice of BaFe12O19 that reduce 

the bandgap, consequently [22]. The irradiation of an 

appropriate wavelength (hʋ≥Eg) on the surface 

catalytic compounds produces (e-) and hole (h+) pairs 

in the valence band [24]. Transition metals produce 

electrons under light irradiation, and oxygen molecules 

adsorb electrons and provide an unstable and energetic 

radical, the super dioxide anion, that ultimately reacts 

with contaminant molecules (here dye) and degrades 

them constantly. On the other hand, the fabricated 

super dioxide ions can react with H+ frequently to 

prepare H2O2 which immediately decomposes and 

creates other impermanent degrading species of OH∙ 

that continues the degradation of pollutants. 

Ultimately, after electron excitation, the positive holes 

(h+) react with water molecules and form OH∙ to 

minimize MB solution [9, 25]. 

A4 + hʋ (visible light) → A4
*(h+ + e- obtained in CB 

and VB, respectively) 

O2 + e-→ O2∙- 

O2
∙- + H+→ O2 + H2O2 

H2O2→2OH∙ 

H2O + h+→ OH∙+H+ 

MB+ OH∙→Degradation products (CO2+ H2O) 

MB + O2
.- ∙→ CO2+ H2O 

 

The first-order photodegradation kinetic 

curves of synthesized photocatalysts are represented in 

Fig. 6 for a better understanding of the degradation 

process of MB dye and plotted according to 

Ln (C
C0

⁄ ) = K. t versus irradiation time (min). C0 is 

initial and C refers to after exposure light concentration 

respectively; K and t are first-order rate constants and 

exposure times as well [26]. The kinetic constants (K)  

are presented in Table 4 that concern all specimens that 

follow first-order kinetics based on the mechanism. 

The kinetic constants (K) illuminate A4 represent better 

MB degradation among all synthesized catalysts. 

Although after introducing photocatalysts to the color 

solution for 30 minutes the concentration of dye 

decreased, in the case of B4 this decrease is more 

visible which can be explained by the increasing 

foreign ion ratios, which, as mentioned result in a 

decreasing band gap. To evaluate the stability of 

BaGdxAlxCrxFe (12-3x) O19 (x=0, 0.2, 0.4, 0.6, 0.8) (A0, 

A1, A2, A3, A4), reusability was measured by repeating 

the experiment for three times at a controlled 

temperature. For this purpose, after collecting catalyst 

agents magnetically, filtered and washed every time, 

the recycled catalysts were reused in the same 

experimental condition, and the reusability data are 
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shown in Table 4. Although the photocatalytic activity 

of agents is deceased, they have represented efficient 

degradation of about 85% for A4 after 3 times reusing. 

In conclusion, A4 represented the best photo 

degradation even after 3-time recycling usage. 

 

 

Fig.4. Magnetic hysteresis loops for the composite samples of BaGdxAlxCrx Fe (12-3x) O19 ((x=0, 0.2, 0.4, 0.6, 0.8) 

(A0, A1, A2, A3, A4)) 

 

Table 3. Magnetic parameters of BaGdxAlxCrx Fe (12-3x) O19 ((x=0, 0.2, 0.4, 0.6, 0.8) (A0, A1, A2, A3, A4)) 

Sample Ms)emu/g( HC)Oe) Mr Mr/MS 

0A 63.76 7000 34.6 0.54 

1A 62 5000 34.6 0.55 

2A 47.54 4000 27.09 0.56 

3A 32.45 7000 17.22 0.53 

4A 28.56 2000 16.26 0.56 

 

 
Table 4. The photo degradation parameter of fabricated specimens 

Sample 

Kinetic 

constants 

K(min-1) 

Degradation 

Rate (%) 

Reusability 

Recycle Time 

(min) 

1 

Recycle Time 

(min) 

2 

Recycle Time 

(min) 

3 

A0 0.023 69 59 57 53 

A1 0.038 70 67 64 61 

A2 0.050 77 65 63 60 

A3 0.068 85 81 79 77 

A4 0.084 92 89 87 84 

 

A0 
A1 
A2 
A3 
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Fig.5. Degradation rate of samples (A0, A1, A2, A3, A4) 

 

Fig.6. Kinetic plots of (ln C/C0) versus exposure time of a) A0, b) A1, c) A2, d) A3 and e) A4 

 

CONCLUSION 

In conclusion, this study attempts to 

investigate the effects of inducing ions (Gd3+, Al3+ and 

Cr3+) on the chemical structure, morphology, magnetic 

structure, and photocatalytic properties of prepared 

samples under visible light. In the X-ray 

diffractometer, by inserting ions the values of the c/a 

ratio were in the range of 3.91-3.98, which confirms 

the M-type hexagonal structure.  

FE-SEM images represented the formation of 

hexagonal nanoparticles; besides, their average particle 

size was around 120 nm. A magnetization study 

showed that by substituting dopants in the hexaferrite 

structure, Ms and Hc were reduced. The photocatalytic 

activity of samples was measured for removing MB 

under visible light, and the consequences approved that 

adding higher dopant ions considerably increased the 

percentages of degradation. The results confirmed the 

potential of M-type BaGdxAlxCrxFe(12-3x) O19 

hexagonal ferrites nanoparticles in the field of 

photocatalytic degradation in visible light.  
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