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Abstract
Hard hexagonal barium ferrite  BaFe12O19 (BaM), as well as core–shell structure  BaFe12O19-TiO2 composite nanoparticles, 
was successfully prepared by solid state reaction. An interesting photocatalytic activity has been noticed for the first time in 
pure BaM and doped  TiO2 nanopowders. The obtained powders can photodegrade organic pollutants in the dispersion system 
effectively and can be recycled easily using a magnetic field. The  BaFe12O19-TiO2 magnetic photocatalyst is composed of two 
parts: (1)  TiO2 shell used for photocatalysis and (2)  BaFe12O19 core for separation by the magnetic field. The photocatalytic 
activity of the as-prepared magnetic photocatalyst is enhanced with  BaFe12O19 doping. Besides, the saturation magnetizations 
of  BaFe12O19-TiO2 nanoparticles decreased in comparison to pure hexaferrite, while the coercivity remains almost constant.
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1 Introduction

During the past decade, hexaferrites presenting the M, Y, 
and Z-type structures have become important candidates for 
a variety of commercially magnetic materials since they are 
magnetically hard, with high coercivity and magnetic per-
meability, and contain high magnetocrystalline anisotropy 
along the c-axis of the hexagonal structure. These ferrite 
magnets are very attractive as they present high magneti-
zation saturation (Ms) as well as high Curie temperature 
around 450 °C. Besides, these compounds are known by 
their high magnetocrystalline anisotropy constant. Due to 
these interesting properties, several elaborating techniques 
have been developed to obtain a low-production-cost BaM 

powder specimens. These compounds have been particu-
larly produced by the conventional ceramic method, associ-
ating the calcinations of a mixture of  BaCO3 and  Fe2O3 at 
1100 °C. An interesting approach consists on doping BaM 
[1–4] to modify its physical properties, since the core–shell 
structure composite particles often exhibit improved physi-
cal and chemical properties over their single-component 
counterpart and hence are very useful in a broader range of 
applications [5, 6].

Besides, anatase-type  TiO2 has attracted much attention 
for its potential application in the decomposition of various 
environmental pollutants in both gaseous and liquid phases 
[7–9]. The photocatalytic degradation systems using fine 
 TiO2 powder under UV irradiation have been widely inves-
tigated [10, 11].

However, in treating pollutants in water, there are at 
least two obvious problems arising from using fine  TiO2 
powders: (1) separation of photocatalysts from the reac-
tion media is difficult and (2) particulate suspensions are 
not easily applicable to continuous process. An alternative 
method is immobilizing  TiO2 powders onto an inert and 
porous supporting matrix such as silica [12] and activated 
carbon [13–16]. Among them, activated carbon is the most 
commonly used support for  TiO2 in gas and water treat-
ment due to its porous structure and adsorption properties 
and the supported catalyst has made remarkable effects in 
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the kinetics of disappearance of the pollutants, each pol-
lutant being more rapidly photodegraded. This effect has 
been explained by the adsorption of organics on activated 
carbon followed by a transfer to the  TiO2 surface where it 
is immediately degraded. However, activated carbon is usu-
ally in the form of granules and powder, and the problem 
of filtering and recovery still exists. Recently, iron oxide 
particles have been coated with  TiO2 to synthesize magnetic 
photocatalytic particles to recover the photocatalyst particles 
from the treated water stream by magnetic photocatalysts 
based on  Fe3O4 doped with  TiO2 or  SiO2, using various heat 
treatments and a couple of different  TiO2 precursors, that is, 
titanium butoxide and titanium isopropoxide.

2  Experimental Section

2.1  Fabrication of Pure  BaFe12O19 and 70% 
 BaFe12O19‑30%TiO2 Nanocomposites

The starting materials  Fe2O3 (≥ 99%, Merck) and  BaCO3 
(≥ 99%, Merck) powders were mixed in a Fe/Ba molar ratio 
of 11. It is noted that the stoichiometric molar ratio of Fe/
Ba in barium hexaferrite  (BaFe12O19) is 12; however, using 
excess barium ions has been recommended in the previous 
works [17, 18]. Mechanical activation was carried out at 
four different milling energy levels in a high-energy plan-
etary ball milling with hardened steel vial and balls under 
air atmosphere. The processed samples were then calcined 
in air at 800, 1000, and 1100 °C for 2 h with a heating rate 
of 10 °C/min.

In the next step, 1.5  g of  TiO2 nanopowder (≥ 99%, 
Sigma-Aldrich) was then added to 5  g of the prepared 
powder (BaM). Then, the mixture was ground for 90 min 
at room temperature before being wet mixed. The prepared 
mixture was dried at 450 °C for 3 h and pressed into pellets 
of 12-mm diameter and 0.5-cm thickness (with addition of 
vinyl-alcohol as a binding material) using electric press. The 
disks were sintered at 700 °C for 3 h. Finally,  BaFe12O19/
TiO2 was ground to get a powder in good homogenizing and 
small grain size.

2.2  Characterization of Pure  BaFe12O19 and 70% 
 BaFe12O19‑30%  TiO2 Nanocomposite

Characterizations of all samples were carried out with dif-
ferent techniques. Structural properties were determined 
by X-ray diffraction by the means of an automated Bruker 
D8 advance X-ray diffractometer with Cu  Kα radiations 
(λ = 1.541 Ǻ) in 2θ ranging from 20 to 80°. The morphology 
and particle size of samples were investigated by a scanning 
electron microscope. Magnetic properties were obtained by 

using an extraction magnetometer operating between 300 
and 800 K.

Optical measurements were deduced from (transmis-
sion/reflection) spectra taken from Ultraviolet–visible-near-
infrared (UV–VIS-NIR) Perkin Elmer Lambda spectropho-
tometer in the wavelength range of 200–1200 nm at room 
temperature.

Finally, photocatalytic activity of the samples was evalu-
ated by the degradation of a standard organic dye: methylene 
blue (MB), in aqueous solution under visible light irradiation 
for 2 h. For irradiation, visible modeled sun light was used at 
the distance of 10 cm from the solution in a dark box.

Since hexaferrites are hard magnetic materials and in 
order to avoid problems during magnetic agitation, we 
decide to adhere our powders on glass substrates using a 
suitable agent.

Typically, 5 ml of MB aqueous solution was placed in a 
box and photocatalyst films (area of 2 × 2  cm2) were put into 
the solution for each test. Prior to each irradiation, the solu-
tion was magnetically stirred in dark for 30 min to promote 
an adsorption desorption equilibrium. MB decomposition 
evaluation was carried out using Carry UV–Visible absorp-
tion spectroscopy working in a transmission mode, following 
the MB absorption peak intensity decrease at 660 nm [19].

3  Results and Discussion

3.1  Structural Analysis

Figure 1 illustrates the structure of both pure  BaFe12O19 
and  BaFe12O19-TiO2 composite. The XRD pattern of the 
 BaFe12O19 powders showed a hexagonal symmetry of pure 
 BaFe12O19 and demonstrate the magneto-plumbite structure 
with no extra reflections. The peaks appeared at 2θ = 30.32°, 
30.94°, 32.18°, 34.18°, 35.42°, 36.96°, and 56.41° are per-
fectly indexed to (110), (112), (107), (114), (200), (203), 
and (2, 0, 11) crystal planes of hexagonal  BaFe12O19 (PDF# 
43–0002). The relative intensities of (107) and (114) peaks, 
which correspond to the inclined c-axis orientation, are 
higher than those of (112) and (200) peaks.

These results indicate that the grains of  BaFe12O19 ceram-
ics are randomly oriented. These peaks are still present in 
the XRD pattern of  BaFe12O19-TiO2 composite, indicating 
the stability of both compounds during the sintering pro-
cess. In addition to the presence of other diffraction peaks, 
those appearing around 2θ = 25.3°, 48.0°, 62.1°, 62.7°, and 
70.3° were ascribed to the (101), (200), (213), (204), and 
(220) Bragg reflections of the body-centered tetragonal 
 TiO2 anatase phase with a fixed volume of 136.313 Å3 (the 
JCPDS card number is 21–1272). Conversely, the peaks that 
appeared at 2θ = 27.5°, 36.2°, 41.3°, 44.1°, 54.4°, 56.8°, and 
69.2° were ascribed to the (110), (101), (111), (210), (211), 
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(220), and (301) Bragg reflections of the primitive tetragonal 
 TiO2 rutile phase with a fixed volume of 62.0516 Å3 (JCPDS 
card number is 89–4920).

3.2  Morphology

The morphology and particle size of samples were investi-
gated using a scanning electron microscope (Fig. 2). It can 
be seen that the structure of  BaFe12O19 is hexagonal and 
the average particle size is estimated to be in the range of 
200 nm. A slight agglomeration was also observed, which is 

due to the high surface energy and the magnetic interactions 
of the nanoparticles.

3.3  Magnetic Properties

The magnetic properties of pure  BaFe12O19 and 
 BaFe12O19-TiO2 nanocomposites are shown in Fig. 3. The 
magnetic parameters such as saturation magnetization (Ms), 
coercivity (Hc), and remnant magnetization (Mr) are given 
in Table 1. It can be clearly seen that the value of satura-
tion magnetization decreases with  TiO2 doping. It is mainly 

Fig. 1  XRD patterns of 
pure  BaFe12O19 and 70% 
 BaFe12O19-30%  TiO2 nanocom-
posite

Fig. 2  SEM photographs of barium ferrite ceramics
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attributed to the contribution of the non-magnetic compo-
nent to the total magnetization. In fact, the non-magnetic 
particles can be considered as a magnetically dead com-
ponent for the composite, which induces a decrease of the 
magnetization. However, the coercivity of both compounds 
remains constant as it represents the property of a magnetic 
material and is determined by the strength of magnetic 
dipoles in the magnetic domains as well as the relations 
between adjacent magnetic domains.

Note that, although the particles are nanoscale, they are 
not super-paramagnetic as confirmed from the high  HC 
values.

In general, the ferrite materials that hold high coercivity 
values are called “hard ferromagnetic” materials and these 
compounds embrace good magnetic properties which have 
a very good stability against magnetic property losses. The 
obtained coercivity proved that the prepared barium fer-
rite–supported  TiO2 is an excellent ferromagnetic material. 
Thus, the prepared supported photocatalyst can be almost 
completely recovered with minimum loss, for many numbers 

of cycles with no diminishing in both the magnetic property 
and photoactivity.

3.4  Magnetic Measurements at Low Field H = 0.05 T

Magnetization measurements versus temperature were also 
carried out for our compounds at high temperatures, typi-
cally between 300 and 800 K, under 0.05 T (Fig. 4).

We clearly observe a ferromagnetic–paramagnetic transi-
tion as the temperature increases. Note that the magnetiza-
tion has decreased in the composite with 30%  TiO2; this 
result is expected since the titanium oxide is non-magnetic, 
and its role is to dilute the grain boundaries in the composite, 
which causes the reduction of the magnetic response.

It should be noted that the value of the Curie temperature 
 (TC) for each sample was determined from the inflection 
point at the level of the thermomagnetic curve M (T), by 
plotting the minimum of dM (T)/dT.

Note that the transition point was not affected by the dop-
ing with titanium oxide. The Curie temperature is approxi-
mately 727 K for both compounds (Fig. 5).

3.5  Optical Study

Optical absorption on semiconductor materials is an impor-
tant factor in photocatalytic efficiency, since a narrow band 
gap results in high absorption efficiency of solar spec-
trum photons. The UV–visible spectra of  BaFe12O19 and 
 BaFe12O19/TiO2 are presented in Fig. 6.

Fig. 3  Hysteresis loops at room 
temperature for pure  BaFe12O19 
and 70%  BaFe12O19-30%  TiO2 
nanocomposite

Table 1  Magnetic property of pure  BaFe12O19 and 70%  BaFe12O19-30% 
 TiO2 nanocomposite

Sample MS (emu/gr) HC (T) Mr (emu/gr)

100%  BaFe12O19 54.62 0.2 40.35
70%  BaFe12O19/30%  TiO2 47 0.2 30

3374 Journal of Superconductivity and Novel Magnetism (2022) 35:3371–3378



1 3

The energy band gap of the as-deposited samples was 
calculated from the following relation [20]:

where ν is the absorption coefficient, hν is the photon energy, 
A is a constant for transition, and Eg is the band gap of the 

�hv = A(hv − Eg)n∕2

semiconductor. The n value depends on the optical transi-
tion type of semiconductors, e.g., n = 1 for direct transition, 
and n = 4 for indirect transition. As reported in the litera-
ture, both  BaFe12O19 and  TiO2 are indirect transition semi-
conductors [21, 22]. Therefore, as illustrated in Fig. 7, the 
band-gap energy  (Eg) of the samples has been determined by 

Fig. 4  Thermal variation of 
the magnetization M (T) for 
the two compounds  BaFeO19 
and BaFeO19/TiO2 under a 
magnetic field of 0.05 T

Fig. 5  The variations of the 
Curie temperature  TC as a 
function of the  TiO2 content of 
the compounds  BaFeO19 and 
 BaFeO19/TiO2
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extrapolating the linear portion of the plots of (αhν)2 versus 
photon energy (hν) to the energy axis. The estimated band 
gap energy of  BaFe12O19 and  BaFe12O19/TiO2 was 1.74 eV 
and 1.71 eV, respectively, which implies that both samples 
can be activated with visible light photons of wavelengths 
lower than the absorption edge wavelength.

3.6  Photocatalytic Activities

As previously explained in the “Experimental Section” 
section, MB solution was chosen as a polluent model to 
evaluate the photocatalytic efficiency of the prepared pho-
tocatalysts. Visible absorption spectra recorded on the MB 

Fig. 6  UV–Visible absorp-
tion spectra of pure  BaFe12O19 
and 70%  BaFe12O19-30%  TiO2 
nanocomposite

Fig. 7  The estimated band 
gap energy of  BaFe12O19 and 
 BaFe12O19/TiO2
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aqueous solution before and after contact with photocatalyst 
samples are given in Fig. 8.

Clearly, the  BaFe12O19 nanopowder presents higher intrin-
sic activity for the photodegradation of the MB in the vis-
ible range. This activity is demonstrated by the considerable 

decrease in the absorbance at 660 nm. Although  TiO2 is 
the most suited compound to photocatalysis [23–28] under 
UV–visible range, it does not work in the visible field which 
makes  BaFe12O19 the most suitable photocatalyst (Fig. 9).

Fig. 8  The photodegradation 
of the MB of pure  BaFe12O19 
and 70%  BaFe12O19-30%  TiO2 
nanocomposite photocatalyst 
under visible irradiation

.

.

.

.

Wavelength (nm)

Fig. 9  MB final solution pho-
tograph obtained by MB, 70% 
 BaFe12O19-30%  TiO2 nano-
composite, and pure  BaFe12O19 
photocatalyst under visible 
irradiation
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4  Conclusions

The photocatalysis effect of  TiO2-supported  BaFe12O19 on 
the degradation of (MB) was successfully studied. The sup-
ported photocatalysts exhibited an enhanced structural, in 
addition to its magnetic properties, as well as photocatalytic 
process under visible light irradiation. A higher degradation 
of MB was achieved. This has not been reported previously.

The results of the presently prepared photocatalysts sup-
ported on barium ferrite laid a pathway for a green and sus-
tainable catalyst design.

Thus, the  TiO2-BaFe12O19 photocatalyst could serve as a 
new generation of photocatalyst for the complete, economi-
cal, and productive treatment of toxic wastewater without 
losing its important magnetic properties.
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