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Abstract
Rapid industrial growth causes considerable environmental havoc, adversely affecting human and aqueous life. It becomes 
a significant concern to deal with adequate wastewater treatment strategies by converging on water scarcity. This research 
work explored the synthesis of titanium-substituted Y-type barium hexaferrite  (Co2-Y), having a general formula of 
 Ba2Co2Fe12-xTixO22 (x = 0.0, 0.1, 0.2, 0.3, 0.4, and 0.5), using a facile nitrate-based sol–gel auto-combustion route and its 
suitability was investigated as a heterogeneous catalyst within the photo-Fenton-based degradation of methyl orange (MO), 
one of the significant pollutants generated from textile industries. Developing a thermochemically stable and magnetically 
separable heterogeneous catalyst for photocatalytic decomposition of nonbiodegradable organic dye from wastewater was 
also emphasized. The as-prepared nanocrystalline  Co2-Y powders were analyzed using XRD, FTIR, DLS, UV–visible spec-
troscopy, SEM, VSM, and XPS. Furthermore, the photocatalytic degradation performance of pristine and titanium substituted 

 Ba2Co2Fe11.6Ti0.4O22 ferrite, having the lowest bandgap 
value among all samples, was quantified and compared in 
terms of apparent rate constant  (karc) value and turnover fre-
quency values. The enriched photocatalytic performance was 
correlated with the existence of multi-valance states of tran-
sition metal cations and the availability of oxygen vacancy, 
confirmed by the surface chemistry using the XPS analysis. 
The modified (enhanced thermal and chemical stability) 
hexaferrite catalyst was magnetically separable and reusable 
without significant losses to its catalytic performance. This 
promising catalyst may be considered as a replacement for 
soft ferrite materials to catalyze the degradation of several 
other nonbiodegradable organic pollutants from wastewater 
in large-scale industries.
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Introduction

Water quality becomes an essential question in the present 
scenario due to the increasing rate of pollution. Although 
plenty of water is available over the earth’s surface, only a 
fraction (around 0.03% of total water bodies) is convenient 
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 H2O2/visible light.
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hexaferrites are evaluated to decompose methyl orange from 
wastewater in presence of  H2O2/visible light. The results suggest 
that the  Ba2Co2Fe11.6Ti0.4O22 hexaferrite may offer its candidacy 
(improved thermochemical stability and enhanced apparent rate 
constant value) as a replacement of spinel ferrites to catalyze the 
degradation of several nonbiodegradable organic compounds 
from wastewater in large-scale industries without any hazardous 
footprint on the environment.
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for human activities. Water, a vital part of living beings, is 
deteriorating day by day with rapid industrial growth (Shah 
et al. 2022). This rapid industrial growth allows the dis-
charge of various pollutants into the water bodies, adversely 
affecting water quality. Most of these industries, primarily 
concerned with paper, textile, leather, pharmaceuticals, food, 
packaging, and cosmetics, consume a huge number of dyes 
annually. A wide variety of chemicals are being utilized in 
industrial processing, starting from inorganic compounds to 
harsh organic and complex polymers. The textile industries 
occupy the largest share (around 60%) of the total consump-
tion of organic dyes and harmful chemicals during the aque-
ous processing of clothes (Hai et al. 2007). Figure 1 shows 
that the water exposed to the untreated discharge of indus-
trial waste contains several toxic, mutagenic, carcinogenic, 
and threatening compounds that cause esthetical pollution 
and perturbations to the aquatic (for both microbiological 
and fishes) along with human life (Hai et al. 2007; Shah 
et al. 2022).

The dyes are composed of skeleton, chromophore 
(groups having unsaturated or multiple bonding), 
auxochrome (enhances the color density), and soluble parts 
(helps to dissolve within solvent) (Auld 1907). These dyes 
can be categorized over different applications as direct 
dyes, vat dyes, acidic dyes, basic dyes, azo dyes, pigment-
based dyes, natural dyes, and dispersed dyes (Benkhaya 
et al. 2017). Among all these dyes, only half (45 to 47%) 
of these dyes are found to be biodegradable. The remaining 
(53 to 55%) portion of these dyes is toxic to the ecosystem 

and has become an issue of concern these days (Muhd 
Julkapli et  al. 2014). Due to above mentioned adverse 
impact on the ecological system and human life, it has 
become crucial to develop a facile methodology to degrade 
these water-polluting agents, i.e., nonbiodegradable dyes.

There are several dyes and organic contaminants (studied 
for photocatalytic removal from wastewater), such as 
methylene red, methylene orange, congo red, tetracycline, 
oxytetracycline, chlortetracycline, Acid Blue 92, Acid 
Fuchsin, Acid orange 7, Acid Red B, Acid Red 138, 
Alizarine yellow, Brilliant blue-R, Congo red, Crystal violet, 
Direct Red 80, Direct Green 6, Erichrome black–T, Fuchsine 
Red, Indigo carmine, Methylene Blue, Methyl green, Methyl 
violet, Rhodamine B, Reactive blue 5, Titan yellow (Kefeni 
et al. 2017; Reddy and Yun 2016; Chen et al. 2020, 2022a, 
b), which adversely affect the water quality.

Methyl orange (MO) or orange III (dark red crystalline, 
odorless powder) (deep color, complex pollutant 
composition, high variation in water quality, high BOD 
and COD contents, poor biodegradability, highly toxic, 
carcinogenic, teratogenic, mutagenic, harmful to the 
environment and organisms) is an anionic azo-based 
organic nonbiodegradable dye, having a general molecular 
formula of  C14H14N3NaO3S [Molecular weight – 327.34 g.
mol−1, density – 1.28  g/cm3, melting point > 300  °C 
(573 K), solubility in water − 0.5 g/100 mL (20 °C)]. The 
structure of MO consists of a chromophore, auxochrome, 
and water-soluble group, as shown in Fig. 2 (PubChem 
CID 68,617; Mittal et al. 2007; Youssef et al. 2016; Yang 

Fig. 1  Impact of nonbiodegradable dye-contaminated wastewater on human life and aquatic environment
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et al. 2017; Aroke et al. 2020). It is widely utilized in 
the textile and printing industries. Approximately 10 to 
15% of the initial concentration is disposed of directly into 
the water bodies or open environment while performing 
industrial processes (Aroke et al. 2020). The increasing 
utilization of MO in textiles, along with analytical 
industries and untreated disposal of this industrial waste 
within water bodies, have become a primary concern for 
the researchers.

To date, several strategies, i.e., Fenton-based reaction, 
flocculation, photocatalysis, precipitation, treating with 
hydrogen peroxide, adsorption on activated carbon or 
reduced graphene oxide sheets, treating with intense 
ultrasonic waves, air drag or inverse osmosis, oxidization 
using ozone, degradation using UV light irradiation 
within an aqueous solution, electrochemical degradation 
and electron beam irradiation, have been explored by the 
researchers to degrade these nonbiodegradable organic dyes 
(Meidanchi and Akhavan 2014; Valero-Luna et al. 2016; 
Shah et al. 2022). However, these processes may vary in 
expenditure, degradation effectiveness, and environmental 
issues. Among these, photo-Fenton-based degradation has 
been recognized as an outstanding technique due to its 
reasonably mild conditions, facile processing, and almost 
complete degradation of water-soluble organic dyes from 
water (Valero-Luna et al. 2016).

Traditionally, the homogenous Fenton technology has 
several drawbacks, i.e., a narrow range of acceptable pH 
levels, expensive precursors, and producing a considerable 
amount of iron sludge at the end of the process. To 
overcome these flaws, heterogeneously catalyzed Fenton 
technology is developed. To date, heterogeneously 
catalyzed Fenton technology (inexpensive, utilization 
of semiconducting soft ferrite materials, a broad range 
acceptance for pH level) has become the most effective 
and largely adaptable advanced catalytic oxidation 
process for treating industrial wastewater. Furthermore, 
the degradation rate is accelerated by UV–Vis light 
irradiation (Fallmann et  al. 1999; Wang et  al. 2014; 
Valero-Luna et  al. 2016). The process involves the 
generation of exceedingly reactive hydroxyl radicals 
 (OH•) by the catalytic dissociation of hydrogen peroxide 
 (H2O2) within the presence of iron. The as-generated 
hydroxyl radicals  (OH•) have a higher oxidation potential 
of 2.80 V and can easily oxidize or mineralize most of the 
organic molecules to produce  H2O,  CO2, and other small 
molecules. It attacks most nonbiodegradable organic 
compounds (mainly unsaturated compounds) with zero 
selectivity (Liu et  al. 2011; Valero-Luna et  al. 2016; 
Singh et al. 2021).

Many researchers are also focused on photo-Fenton-
based degradation of complex organic compounds, using 
iron-containing material systems (as a heterogeneous 

catalyst) having excellent redox configuration and mod-
erate magnetic properties to facilitate the separation after 
completion of the reaction. To date, several iron oxide-
based materials such as  TiO2-coated  Fe2O3 nanograin 
(Akhavan and Azimirad 2009), Polymer-coated  Fe2O3 
(Zhang et al. 2020a, b), and spinal ferrite-based catalysts 
such as  CuFe2O4,  CoFe2O4,  FeFe2O4 (Wang et al. 2014), 
sulfur-modified  ZnFe2O4 (Liu et al. 2011),  MnFe2O4 with 
activated carbon (Nguyen et al. 2011),  BaFe2O4 (Borse 
et al. 2011),  NiFe2O4 (Sharma et al. 2015),  MgFeCrO4 
(Moradnia et al. 2020), and  CaFe2O4 (Dom et al. 2011) 
have been evaluated their suitability as a heterogene-
ous catalyst to decompose nonbiodegradable dyes from 
wastewater bodies. The poor thermochemical stability 
of these spinal ferrites restricts the utilization of these 
catalysts in a wide-scale application (Suthar et al. 2020). 
Researchers have investigated a few hard ferrite mag-
netic materials to overcome these stability issues due 
to their excellent thermochemical stability. The M-type 
strontium hexaferrite  (SrFe12O19) is utilized to degrade 
the toluidine blue dye with a poor degradation rate 
(3 ×  10–3   min−1) (Farghali et  al. 2008). For instance, 
M-type barium hexaferrite  (BaFe12O19) also results in 
poor degradation (70.8%) of methylene blue (Valero-
Luna et al. 2016). So, the interest of the researchers is 
restricted to the development of hard ferrite materials 
with enhanced degradation rate, total degradation of 
organic dyes, facile synthesis, higher diffusion capabil-
ity, easy separation, and prolonged reusability. The facile 
extraction of the hard ferrite materials allows it to be 
categorized as an eco-friendly catalyst within the green 
chemistry approaches (Sharma et al. 2015; Valero-Luna 
et al. 2016).

In continuation to developing a stable and robust catalyst 
for the degradation of these organic wastes from water bodies, 
the Y-type barium hexaferrite  (Co2-Y) may be considered a 
suitable candidate due to their similar magnetic characteris-
tics and redox configuration. It belongs to a hexagonal fer-
rite with several advantages over the spinel ferrites, such as 
better thermo-chemical stability, high Curie temperature (Tc), 
outstanding mechanical hardness, and corrosion resistance. 

Fig. 2  Chemical structure of methyl orange (MO) dye
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The Y-type barium hexaferrite  (Co2-Y) posses a bandgap 
energy (around 0.74 to 2.35 eV) (Alrebdi et al. 2022), which 
is quite lower than the widely used photocatalyst anatase  TiO2 
 (Eg = 3.2 eV) (Yan et al. 2013) and other spinel ferrites such 
as  CoFe2O4 (2.7 eV) (Holinsworth et al. 2013) and  NiFe2O4 
(2.5 eV) (Dolia et al. 2006). The capability to absorb the solar 
spectrum is determined by the bandgap  (Eg) value of the ferrite 
being utilized as a photocatalyst. A narrow energy gap between 
the valance and conduction band provides a wider absorption 
of the solar spectrum; hence it can utilize visible light more 
efficiently (Yan et al. 2013). It is also suggested that the band-
gap value can be minimized further by introducing titanium 
to the ferrite system. The incorporation of titanium generates 
impurity (especially donor-type) energy levels, which causes 
a narrow bandgap value within the system (Kumar and Kar 
2014; Rajivgandhi et al. 2021).

In consideration of the leaching issue, the robust hexafer-
rite material (having enhanced thermochemical character-
istics) may provide superior results. The experimental evi-
dence performed by S. Jacobo et al. confirms the enhanced 
structural and chemical stability of barium hexaferrite mate-
rial in comparison to the spinel type barium ferrite (barium 
monoferrite) (Jacobo et al. 2002). The environmental impli-
cations of the heavy metal ions such as barium, cobalt and 
iron can be prevented by treating the water for further by 
utilizing several well established techniques such as carbon-
based adsorbents (nanoporous adsorbents, especially acti-
vated carbons, carbon nanotubes, and graphene), chitosan-
based adsorbents (a natural adsorptive polymer), mineral 
adsorbents (such as zeolite, silica, and clay), biosorbents, 
metal–organic framework based adsorbents, membrane-
based filtration and separation, ultrafiltration (both micellar 
enhanced ultrafiltration and polymer enhanced ultrafiltra-
tion), reverse and forward osmosis, electrodialysis (to sepa-
rates ions at the basis of electric potential difference), chem-
ical-based separation (precipitation, flotation, coagulation 
and flocculation), electric-based separation (electrochemical 
reduction, electroflotation, and electrooxidation method), 
utilizing natural and synthetic allophane adsorbents (Al-Jlil 
2010, 2017; El Sayed 2018; Kaveeshwar et al. 2018; Balder-
mann et al. 2018; Bilal et al. 2021; Chai et al. 2021; Qasem 
et al. 2021; Rathi and Kumar 2021).

Considering all the above factors, the present work 
describes the impact of titanium substitution on the struc-
tural, magnetic, and optical properties of the  Co2-Y hexa-
ferrite system. The sample having the least value of energy 
bandgap  (Eg) is further characterized as a possible replace-
ment of spinel ferrites for its catalytic degradation efficiency 
within photo-Fenton conditions (under visible light irradia-
tion using a cool white LED and  H2O2) utilizing methyl 
orange (MO) as a model dye molecule from the wastewater 
without any hazardous footprint on the environment.

Materials and methods

Materials

The reagents utilized for the synthesis of titanium-substi-
tuted Y-type barium hexaferrite  (Co2-Y) were barium nitrate 
[Ba(NO3)2], cobalt nitrate [Co(NO3)3.6H2O], iron nitrate 
[Fe(NO3)3.9H2O], titanium nitrate [Ti(NO3)4.4H2O], citric 
acid  [C6H8O7·H2O], and ammonium hydroxide solution 
 [NH4OH]. The chemicals utilized for the dye degradation 
experiment were methyl orange  [C14H14N3NaO3S], hydrogen 
peroxide  [H2O2], and hydrochloric acid [HCl]. All chemicals 
were analytical grade and purchased from Sigma-Aldrich.

Synthesis of titanium substituted barium 
hexaferrite

Ultrafine nanocrystalline titanium-substituted barium hexa-
ferrite having a general formula of  Ba2Co2Fe12-xTixO22 
(x = 0.0, 0.1, 0.2, 0.3, 0.4, and 0.5) were synthesized by 
nitrate-based auto combustion method using metal nitrates 
as precursors. Initially, the stoichiometric amounts of each 
precursor were calculated and dissolved within deionized 
(DI) water. The equimolar amount of citric acid (1:1:: 
metal nitrates: citric acid) was added to it and allowed to 
be homogenized using continuous magnetic stirring. Then 
the pH level was neutralized by the dropwise addition of 
ammonium hydroxide (30%) solution. The admixture was 
maintained at a temperature of 80 °C up to the transforma-
tion of the sol into a dried gel. The further heating of this 
dried gel resulted in the ignition, which allowed the forma-
tion of a fluffy powder (burnt ash). The as-obtained fluffy 
powders were pulverized and calcined at 1200 °C for a hold-
ing time of 2 h at a heating rate of 3 °C per minute. Finally, 
the sample was powdered using mortar-pestle and sieved 
using a 250-mesh sieve to be characterized as a catalyst. 
These powdered samples were pelletized with an addition of 
3 wt.% polyvinyl alcohol (PVA) and sintered at 1100 °C for 
2 h in an oxidizing atmosphere for thermomagnetic analysis.

Characterization of hexaferrite catalyst

The crystallite phase identification was performed by X-ray 
diffraction pattern (obtained from Rigaku MiniFlex 600 
benchtop) using Cu-kα radiation within the 2θ range of 20° 
to 80° and a step size of 0.02°. The presence of structural 
bonds was confirmed using FTIR spectra (obtained from Per-
kin Elmer BXIII FTIR infrared spectrometer), measured in 
transmittance mode within the range of 4000–400  cm−1. The 
samples were dispersed within the isopropyl alcohol (IPA) to 
characterize their particle size distribution using a dynamic 
light scattering (DLS) based particle size analyzer (Zetasizer 
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Nano ZS by Malvern Panalytical). The optical properties 
(bandgap energy) of all the samples were analyzed using 
the UV- absorption spectrum (obtained from Shimadzu, UV 
2600 UV–Vis spectrometer). The scanning electron micro-
graphs, along with EDX spectra (obtained from ZEISS, EVO 
18–2045), were used to examine the surface morphology 
and elemental purity of the sample. The room temperature 
hysteresis loop and thermo-magnetic behavior of the sin-
tered pellets were measured using SQUID MPMS (Quantum 
design, Model-MPMS 3, EM-QM, USA) under an applied 
field of ± 6 T (60,000 Oe). Furthermore, the surface elemen-
tal identity and their chemical states were investigated using 
X-ray photoelectron spectra (K-alpha X-ray Photoelectron 
Spectrometer (XPS) by Thermo Scientific).

Photocatalytic degradation experiment

The photocatalytic degradation efficiency of the hexaferrite 
samples was evaluated by the degradation of methyl orange 
(MO). To examine the degradation efficiency, 0.1 mg of the 
dried hexaferrite sample was added to the 2 ml of aqueous 
MO solution (concentration 4.6 ppm) within a quartz cuvette 
(capacity of 4 ml) with a 1 cm of path length. The pH level 
of this suspension was tuned at three by the dropwise addi-
tion of 0.1 M HCl. The admixture was stirred continuously 
for the next 15 min (in the dark condition) to achieve the 
equilibrium condition for adsorption–desorption. Later, 100 
ul of 1.4 M hydrogen peroxide  (H2O2) was introduced to it. 
Two protocols were implemented in the next step with two 
identical sets of the above-mentioned reaction mixture.

The aqueous solution of MO gives a unique UV–visible 
signature in the 200–800 nm range. Therefore, the decompo-
sition of the dye was monitored with the dynamic UV analy-
sis. The UV–Visible spectrum for the reaction mixture was 
allowed to be measured within an equal interval of 10 min 
for both Fenton (in dark conditions) and photo-Fenton (in 
the presence of a visible light source, a cool white LED 
emitting an irradiance of 720 Watt/m2) in the wavelength 
range 400–800 nm). The intensities of all MO UV–visible 
peaks decreased with time, signifying the MO degradation. 
Moreover, MO degraded to small aliphatic entities because 
such molecules do not show any UV–visible signature.

Results and discussion

Structural analysis using XRD

The XRD pattern for the calcined powder of titanium sub-
stituted  Co2-Y is shown in Fig. 3a. The presence of sharp 
characteristic peaks corresponding to the  Ba2Co2Fe12O22 
(standard JCPDS card no 44–0206) within the obtained 

pattern confirms the formation of high purity Y-type bar-
ium hexaferrite  (Co2-Y) phase along with good crystallinity. 
Furthermore, several structural parameters such as average 
crystallite size, lattice parameters, c/a ratio, unit cell volume, 
X-ray density, and lattice strain are obtained using the fol-
lowing equations, and the values are tabulated in Table 1 
(Augustin and Balu 2017; Suthar et al. 2020).

where  DAvg. is the average crystallite size, Ksf signifies 
the Sherrer’s constant (Ksf = 0.89), λ is the wavelength of 
X-ray utilized for generating the XRD pattern (λ = 1.54056 
Å), Wact.

hkl
  is the actual peak width at half of its maximum 

intensity (FWHM) in radians obtained by subtracting the 
instrumental contribution ( Winstrumental

hkl
 ) from the measured 

value ( Wmeas.
hkl

 ) and θ is the peak position or Bragg’s angle, 
dip is the inter-planer spacing (distance between two sequen-
tial atomic planes), h k and l are miller indices (group of 
numbers indicating the orientation of any particular atomic 
plane), a and c are the lattice parameters representing the 
minor and major axis of a hexagonal lattice, Vuc signifies 
the volume of a unit cell, Dx-ray signify the X-ray density. 
That is, crystal structure-dependent theoretical density, Mw 
represents the molecular weight, F is the number of effec-
tive formula units existing within a solo unit cell (F = 3 for 
 Co2-Y), Na is Avogadro’s constant having a numeric value of 
6.023 ×  1023, and εl is lattice strain due to the crystal imper-
fections or lattice dislocations.

The XRD pattern confirms the successful substitution of  Ti4+ 
at the  Fe3+ site. It is found that the crystallite size is in the range 
of 64–72 nm and decreases with substitution. The XRD results 
agree with the substitution of a larger cation  Ti4+ (0.68 Å), at the 
site of a smaller cation  Fe3+ (0.64 Å) by increasing the value of 
the lattice parameters along with the unit cell volume (Jia et al. 
2013). A peak shifting (Fig. 3b) is observed towards the left side. 
The crystal axis ratio (c/a) is found to be 7.429 for x = 0.0 and 

(1)DAvg. =
Ksf ⋅λ

Wact.
hkl

⋅ Cos �

(2)Wact.
hkl

=

√

(

Wmeas.
hkl

)2
−
(

Winstrumental
hkl

)2

(3)
1

d2
ip

=
1.34(h2 + hk + k2)

a2
+
(

l

c

)2

(4)Vuc = 0.8660.a2.c

(5)Dx−ray =
Mw.F

NaVuc

(6)Whkl⋅��� � = �l⋅(4.Sin �) +
(

λksf∕DAvg.

)
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7.421 for x = 0.5, which lies within the permissible range for the 
formation of the  Co2-Y phase (Suthar et al. 2020). The X-ray 
densities follow the decreasing trend with substitution. It is in 
good agreement with both the decreasing molecular weight and 
the increasing unit cell volume. The crystallite distortions that 
arise while substituting a larger cation at the smaller cation site 
are quantified using the determination of lattice strain using the 
Williamson-Hall method to Eq. (6), where the lattice strain (εl) 
is measured as the slope of the straight line obtained by linear 
fitting to the curve between  Whkl. Cosθ and 4. Sinθ, as depicted 
in Fig. 4 (Augustin and Balu 2017). The lattice strain is found 
to be positive (volumetric expansion within the unit cell) for all 
these samples, which keeps rising continuously with increasing 
 Ti4+ ions substitution.

FTIR analysis

The structural variations within the titanium-substituted Y-type 
barium hexaferrite  (Co2-Y) are analyzed further using FTIR spec-
tra by confirming the presence of various characteristic bands cor-
responding to their specific absorption peak positions. In Fig. 5, 

the FTIR spectra for undoped (x = 0.0) calcined powder consists of 
two major absorption peaks, one at 400.15  cm−1 (corresponding 
to asymmetric stretching of metal cation at the octahedral site) 
and the second at 584.32  cm−1 (corresponding to asymmetric 
stretching of metal cation at the tetrahedral site). It is considered 
the characteristic peak for the cationic vibrations within the spinel 
block of the  Co2-Y structure (Adeela et al. 2016).

The substitution of  Ti4+ ions at the  Fe3+ site allows a 
slight shifting of these characteristic bands towards the 
higher wavenumber with increasing concentration. The 
structural variations can be quantified with the help of deter-
mining Fe–O bond lengths using the following equation:

where Bl represents the bond length, Fc is for force 
constant (ref lects the bond stiffness), υwn is the 
corresponding wavenumber for a specific absorption 
band, cvl is the light velocity measured in a vacuum having 

(7)Bl =
3
√

(17∕Fc)

(8)
Fc =

(

2��wncvl
)2
⋅�a =

(

2��wncvl
)2
⋅

[(

Aw1 x Aw2

) /(

Aw1 + Aw2

)]

Fig. 3  XRD patterns of calcined 
 Ba2Co2Fe12-xTixO22 (x = 0.0, 
0.1, 0.2, 0.3, 0.4, and 0.5) ferrite 
powders

Table 1  Crystallite size, lattice constants (a and c), (c/a) ratio, unit cell volume, X-ray density, and lattice strain of the calcined  Ba2Co2Fe12-xTixO22 
(x = 0.0, 0.1, 0.2, 0.3, 0.4, and 0.5) ferrite powders

Composition Crystallite size
(nm)

Lattice parameters Axial ratio (c/a) Unit cell volume
(Å3)

X-ray density 
(g/cm3)

Lattice strain
(ε)

a
(Å)

c
(Å)

x = 0.0 72.27 5.844 43.417 7.429 1284.314 5.266 6.75 ×  10–4

x = 0.1 69.07 5.845 43.411 7.426 1284.608 5.262 8.95 ×  10–4

x = 0.2 67.17 5.852 43.459 7.426 1289.114 5.240 3.85 ×  10–3

x = 0.3 64.19 5.853 43.463 7.426 1289.444 5.236 4.27 ×  10–3

x = 0.4 64.09 5.861 43.511 7.424 1294.222 5.213 5.34 ×  10–3

x = 0.5 64.01 5.864 43.515 7.421 1295.826 5.204 5.62 ×  10–3
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a numerical value of 3 ×  108 m/s, µa is the effective mass 
of constituting atoms, Aw1 and Aw2 are the atomic weights 
of linked atoms. The force constant (Fc) associated with 
the Fe–O bond and respective bond length (Bl) values are 
listed in Table 2. The results show that the Fe–O bond 
length is increased with the substitution of  Ti4+ within 
the hexaferrite  (Co2-Y). The bond length variation can be 
correlated due to the ionic radius mismatch (introducing a 
larger cation at a smaller cation site), which also favors the 
volumetric expansion suggested by XRD studies. Apart 
from these two characteristic peaks, the co-existence of 
a few minor absorption peaks in the range of 1064.03 to 
1626.66  cm−1 is also observed. It may be attributed due 
to the presence of metal–oxygen-metal bonding, likewise 
Fe–O–Fe or Co–O–Co (between 1100 and 1500  cm−1), 
or the presence of residual traces of N–O stretching 
vibration (between 1475 and 1550  cm−1), or N–H band 
(between 1600 and 1640  cm−1). It may also be associated 
with using an ammonia solution while adjusting the 
pH. The peaks around 1626   cm−1 and 3440   cm−1 may 
be ascribed to the O–H stretching vibrations due to the 
adsorbed moisture content at the surface (Lalegani and 
Nemati 2015; Adeela et al. 2016).

Particle size distribution analysis

All the calcined hexaferrite samples dispersed within the 
isopropyl alcohol (IPA) are analyzed for their average par-
ticle size (APS) along with poly-dispersion index (PdI), 

Fig. 4  Williamson–Hall plot for 
calcined  Ba2Co2Fe12-xTixO22 
(x = 0.0, 0.1, 0.2, 0.3, 0.4, and 
0.5) ferrite powders

Fig. 5  FT-IR spectra of calcined  Ba2Co2Fe12-xTixO22 (x = 0.0, 0.1, 0.2, 
0.3, 0.4, and 0.5) ferrite powders
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using the dynamic light scattering-based technique (as 
shown in Fig. 6). The results suggest that particle sizes are 
found to be in decreasing order (from 1.835 µm for x = 0.0 
to 1.055 µm for x = 0.5) with  Ti4+ substitution within the 
 Co2-Y hexaferrite. The particle size distribution quality 
can be explained by PdI value, which indicates the non-
uniformity of the powder sample on a scale of 0 to 1 (Dan-
aei et al. 2018). The results suggest that all these samples 
consist of a wide range of size distribution owing to their 
platelet-like shape and the substitution of  Ti4+ leads to the 
lower PdI value.

Magnetic property analysis

To investigate the influence of  Ti4+ ions substitution on the 
magnetic properties of Y-type barium hexaferrite  (Co2-Y), 
the magnetization curves are recorded at 300 K (as shown in 
Fig. 7) at a maximum applied field of ± 6 Tesla. The results 
suggest the ferrimagnetic behavior in all synthesized samples. 
The sample doesn’t achieve saturation within the applied mag-
netic field range; the exact saturation magnetization value is 
estimated at the high-field regime using the Stoner–Wohlfarth 
law of approach. The law of approach describes the depend-
ency of magnetization over the H−2, where the magnetization 
value can be described using the following expression (Fattouh 
et al. 2021);

where Mssignifies the exact value of saturation magnetiza-
tion. Ip and Ma are inhomogeneity and magneto-crystalline 
anisotropy-dependent parameters, which describe the mag-
netic anisotropy and microstructural environment within the 
system. �∞signify materials susceptibility at a high magnetic 
field (H). The value of the inhomogeneity constant (Ip) and 
additive term (H.�∞ ), which represent the field-encouraged 
magnetization, may be ignored within the presence of a high 
magnetic field and underneath the Curie temperature  (Tc) 
of that material. In consideration of both circumstances, the 
expression for magnetization can be rearranged as follows:

(9)M = Ms

[

1 − Ip∕H −Ma∕H
2
]

+ H.�∞

(10)M = Ms

[

1 −Ma

/

H2
]

The exact value for saturation magnetization can be 
obtained by considering the above-mentioned expression 
equivalent to a straight-line equation. By plotting the M vs. 
H−2 graph, the Y-axis intercept (using linear fitting to the 
data points, as shown in Fig. 8) provides the exact value 
of saturation magnetization (Lee et al. 2020; Fattouh et al. 
2021). To govern the impact of the substitution over the 
magnetic properties of a ferrite system, the numbers of Bohr 
magneton (Nbm) and magnetic anisotropy constants (K1) are 
also determined using the following relations (Almessiere 
et al. 2019; Tchouank Tekou Carol et al. 2020);

Table 2  Characteristic wave 
number, effective mass for 
Fe–O bond, force constant, and 
corresponding bond length of 
the calcined  Ba2Co2Fe12-xTixO22 
(x = 0.0, 0.1, 0.2, 0.3, 0.4, and 
0.5) ferrite powders

Composition Wave number
(cm−1)

Effective mass
(10–26 kg)

Force constant
(N/cm)

Bond length
(Fe–O) (Å)

x = 0.0 584.3255 2.0648 2.5039 1.8935
x = 0.1 582.8792 2.0648 2.4915 1.8966
x = 0.2 582.3970 2.0648 2.4874 1.8977
x = 0.3 581.4328 2.0648 2.4792 1.8998
x = 0.4 580.9507 2.0648 2.4751 1.9008
x = 0.5 579.9865 2.0648 2.4669 1.9029

Fig. 6  DLS analysis for the particle size distribution of  Ba2Co2Fe12-xTixO22 
(x = 0.0, 0.1, 0.2, 0.3, 0.4, and 0.5) ferrite powders
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where MW is the molar weight of the hexaferrite sample, Ms 
is the saturation magnetization, Hc is the coercivity field, 
and µo is the vacuum permeability having a numerical value 
of 12.57 ×  10–7 H/m).

To evaluate the variation of temperature-dependent 
magnetization properties with  Ti4+ ion substitution, ther-
momagnetic curves (ZFC and FC) are obtained within the 
temperature range of 300 to 900 K at an applied field of 300 
Oe, as shown in Fig. 9. The Curie temperature  (Tc) (Inserted 
Figures in Fig. 9) is measured at the minima from the tem-
perature-dependent first-order derivative (dM/dT) curve. 
All the derived parameters such as saturation magnetiza-
tion (Ms), coercivity field (Hc), remnant magnetization (Mr), 
number of Bohr magneton (Nbm), squareness ratio (Mr/Ms), 
magnetic anisotropy constant (K1), and Curie temperature 
 (Tc) are calculated and tabulated in Table 3.

The results suggest that the value of saturation magneti-
zation (Ms) along with the number of Bohr magneton (Nbm) 
is found to be decreased with the substitution of titanium 
ions within the hexaferrite. This decreasing behavior can be 
explained by the replacement of a magnetic  (Fe3+) ion with 
a nonmagnetic  (Ti4+) ion within a hexaferrite system (Kumar 
et al. 2017). The coercivity values are found to be increased 
linearly up to the x = 0.2 and achieved their maximum 
value of 222.24 Oe. The improvement of the coercive field 
may be due to the enhanced value of lattice imperfections 
with nonmagnetic inclusion within the system, generation 

(11)Nbm =
MWXMs

5585

(12)K1 =
(�o

2

)

Ms⋅Hc

of  Fe2+-Ti4+ pair by replacement of two  Fe3+ ions, having 
larger magneto-crystalline anisotropy, larger ionic radius, 
and enhanced lattice strain valueOunnunkad 2006; Rao et al. 
2009; Kumar et al. 2018). Further increment of  Ti4+ content 
allows for a decrease of coercive field. It can be explained 
by lowering the anisotropy constant value or decreasing the 
average particle size value along with the dominance of 
single-domain particles (nearly 1.18 µm) (Park et al. 2015; 
Hosseinkhan Nejad et al. 2017; Kumar et al. 2018).

The retentivity value (magnetization holding capabil-
ity after removal of the externally applied field) shows a 
random behavior with substituting  Ti4+ ions. This random 
behavior can be explained by the ferroxplana nature of 
 Co2-Y hexaferrite, where the preferred plane of magneti-
zation is found to be within its basal plane or in a right 
circular cone at an angle to the major c-axis. Sometimes 
the magneto-crystalline anisotropy field may reorient this 
plane of magnetization without affecting the overall satu-
ration magnetization and coercivity of that material (Pul-
lar 2012; Zhang et al. 2014). The squareness ratio values 
(explain the anisotropy-dependent magnetic hardness of 
that system) are found to be within 0.2023 to 0.2622 and 
lie within the range of 0.05 < Mr/Ms < 0.50. It implies 
that all these magnetic particles are of the pseudo-single 
domain in nature and coupled magneto-statically to each 
other (Adeela et al. 2016). The magnetic anisotropy values 
are found in good agreement with the coercivity (Hc). In 
consideration of the earlier reported studies, the substitu-
tion of  Ti4+ ions with  Fe3+ ions is expected to the overall 
decreasing behavior for magnetic anisotropy constant (K1) 
(Ka̧kol et al. 1994; Rao et al. 2009). The only abnormali-
ties associated with the sample x = 0.2 results may be due 
to the dependency of the magnetic anisotropy constant 
over the occupancy site and the discrete contribution of 
 Fe2+ ions (Fletcher and O’Reilly 1974; Ka̧kol et al. 1994).

The thermomagnetic analysis of all these hexaferrite 
samples confirms the existence of a sharp ferromagnetic 
(FM) to paramagnetic (PM) phase transition within it. This 
transition temperature is determined with the help of a tem-
perature-dependent first-order derivative (dM/dT) curve of 
magnetization. The presence of an intense downward peak is 
measured for the transition temperatures of each sample. The 
Curie temperature for the undoped  Co2-Y sample is found 
to be 603.76 K, which is in good agreement with the earlier 
reported value of 600 K by S.G. Lee et al. (Lee and Kwon 
1996). This transition temperature shows a reverse trend 
with increasing the substitution of  Ti4+ within the system. 
It can be explained based on the exchange interactions. The 
exchange interaction within the ferrite system decreases both 
magnetic ion density and overall magnetic moment value; 
hence, lesser amount of thermal energy is required to surpass 
the weak exchange interaction of that sample. The substitu-
tion of diamagnetic  Ti4+ ions replaces a magnetic ion  Fe3+, 

Fig. 7  Magnetic hysteresis loops of calcined  Ba2Co2Fe12-xTixO22 (x = 0.0, 
0.1, 0.2, 0.3, 0.4, and 0.5) ferrite powders
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resulting in the lowering of exchange interactions within 
the system, and the Curie temperature shows a decreasing 
behavior (Rao et al. 2009).

UV–Visible spectrum analysis

A diffuse reflectance-based-UV–Visible spectrum is studied 
with all calcined powders to examine the optical charac-
teristics (a crucial factor in designing photocatalysts). The 
as-obtained absorption spectra within a wavelength range 
of 200 to 1400 nm (as displayed in Fig. 10) clearly signify 
the enhanced absorption of photons for titanium-substituted 
samples as compared to the pure  Co2-Y sample. The band-
gap energy  (Eg) is the distance between the valance band 
(highest occupied orbit) and conduction band (lowest unoc-
cupied orbit). This energy gap  (Eg) can be measured either in 
terms of direct bandgap (measured vertical energy distance) 
or indirect bandgap (measured obliquely or inclined energy 
distance). To determine the energy band gap value  (Eg) for 

all these hexaferrite samples, the Tauc relationship can be 
utilized as follows (Mohammed et al. 2021):

Here, α is the coefficient of absorption, hp represents 
the plank constant having a numerical value of 
6.626 ×  10–34 J.s, v is the incident photon frequency, KT 
is an energy-independent constant, and Q is dependent on 
the type of the transition such as 1/2 and 3/2 for allowed 
and forbidden direct transition, 2 and 3 for allowed and 
forbidden indirect transition (Naseri and Ghasemi 2016; 
Carol et al. 2020).

All these hexaferrite samples demonstrate energy 
bandgap  (Eg) value corresponding to the allowed direct 
transition with Q = 1/2 using linear extrapolation to the 
graph between (α.hp.v)2 and  Eg; the obtained values are 
mentioned within the inset of Fig. 10. The results suggest 
that the bandgap energy is found to be decreased linearly 

(13)
(

�.hp.v
)

KT

=
(

hpv − Eg

)Q

Fig. 8  M vs. H−2 plot (Stoner–
Wohlfarth model) of calcined 
 Ba2Co2Fe12-xTixO22 (x = 0.0, 
0.1, 0.2, 0.3, 0.4, and 0.5) ferrite 
powders
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Fig. 9  Magnetization along and 
its first order derivative (dM/dT) 
as a function of temperature (K) 
for calcined  Ba2Co2Fe12-xTixO22 
(x = 0.0, 0.1, 0.2, 0.3, 0.4, and 
0.5) ferrite powders

Table 3  Saturation 
magnetization (Ms), number 
of Bohr magneton (Nbm), 
coercivity (Hc), magnetic 
retentivity (Mr),), squareness 
ratio, magnetic anisotropy 
constant (K1), and Curie 
Temperature  (Tc) of the calcined 
 Ba2Co2Fe12-xTixO22 (x = 0.0, 
0.1, 0.2, 0.3, 0.4, and 0.5) ferrite 
powders

Composition Ms (emu/g) Bohr magneton Hc
(Oe)

Mr
(emu/g)

(Mr/Ms) K1(HA2/Kg) Curie 
Temperature 
(K)

x = 0.0 43.39 10.55 160.84 8.78 0.2023 3.49 ×  10–1 603.76
x = 0.1 40.73 9.89 156.05 8.74 0.2145 3.18 ×  10–1 599.09
x = 0.2 40.42 9.81 222.24 10.6 0.2622 4.49 ×  10–1 595.84
x = 0.3 38.35 9.31 155.48 8.66 0.2258 2.98 ×  10–1 591.19
x = 0.4 36.95 8.96 139.25 8.83 0.2389 2.57 ×  10–1 586.52
x = 0.5 36.81 8.92 120.66 7.54 0.2048 2.22 ×  10–1 585.71
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with the substitution of  Ti4+ ions. The decreasing order 
can be explained on behalf of structural defects and 
enhanced lattice distortions associated with substituting a 
larger cation into the hexaferrite system (Mohammed et al. 
2021). It can also be associated with the increasing lattice 
parameter, which provides enhanced inter-atomic spacing, 
so the atoms can vibrate with large amplitude by utilizing 
thermal energy. This atomic vibration allows for lowering 
the electronic potential and lowering the energy bandgap 
(Naseri and Ghasemi 2016). The decreasing behavior of 
bandgap  (Eg) can also be explained by the valency of both 
ions.  Ti4+ ions have a higher valency state which substitutes 
for  Fe3+ ions having a lower valency state. It generates 
impurity energy levels (donor type), which are responsible 

for the narrow bandgap (Cai et  al. 2014). A slight 
enhancement of the bandgap (observed with x = 0.5) value 
can be explained by the dominance of the second factor, 
i.e., quantum confinement with decreasing particle size. The 
confinement of both electrons and holes within the nanoscale 
premises allows for the widening of the bandgap within 
semiconductors (El-Hagary et al. 2019; Singh and Rajput 
2020). Due to enhanced photon absorption, along with the 
lowest bandgap energy (narrow bandgap results in the easy 
absorption of photon energy), two samples,  Ba2Co2Fe12O22 
(pristine  Co2-Y hexaferrite) and  Ba2Co2Fe11.6Ti0.4O22 
(titanium substituted  Co2-Y hexaferrite), are studied for its 
comparative photocatalytic efficiency within the degradation 
of a nonbiodegradable dye, i.e., methyl orange (MO).

Fig. 10  UV–Visible diffuse 
reflectance spectra along with 
Tauc plot for determination 
of direct band gap energy of 
calcined  Ba2Co2Fe12-xTixO22 
(x = 0.0, 0.1, 0.2, 0.3, 0.4, and 
0.5) ferrite powders
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Photocatalytic analysis

The photocatalytic efficiency of  Ba2Co2Fe12O22 and 
 Ba2Co2Fe11.6Ti0.4O22 ferrites are investigated for the deg-
radation of methyl orange in an aqueous solution at room 
temperature with a pH level of 3. The MO degradation per-
formance on the  Ba2Co2Fe11.6Ti0.4O22 photocatalyst was 
checked under different pH conditions. Optimum MO degra-
dation was observed at pH ~ 3 conditions (Fig. S1). The suit-
able selectivity of pH value decides the interaction between 
the catalyst and pollutant. The pH value of 3 is optimized 
by an earlier published study for the degradation of methyl 
orange within similar conditions (De et al. 2020). Figure 11 
shows negligible MO degradation occurs in an aqueous solu-
tion containing  H2O2, either in the dark or under visible 
light irradiation, even after 50 min of test time. Figure 12a 
depicts the change in MO absorbance (with time) when 
mixed with  Ba2Co2Fe12O22 particles in an aqueous suspen-
sion with  H2O2 in the dark. There was virtually no change 
in MO absorbance even after 90 min under dark conditions.

The photocatalytic reaction mixture is kept in the dark for 
15 min to ensure the adsorption–desorption equilibrium on the 
photocatalyst’s surface. UV–visible data for the dark condition 
(light off) is incorporated in Fig. S2. Under the light-off condi-
tion, the dye gets adsorbed on the photocatalyst’s surface in 
the first 10 min. Then, the reaction mixture is kept in the dark 
for another 5 min. During this interval (last 5 min), there is no 
change in MO concentration (as shown in Fig. S2), confirming 
the achievement of adsorption–desorption equilibrium of MO 
on the photocatalyst’s surface. Nevertheless, there is a slight 
decrease in MO absorbance (in the presence of  Ba2Co2Fe12O22 
particles) under visible light irradiation. The result shows that 
the MO degradation on  Ba2Co2Fe12O22 has poor efficiency 
under visible light irradiation.

The role of  Ti4+ substitution over the degradation effi-
ciency can be emphasized by analyzing both pristine and 
 Ti4+ substituted samples for their dye degradation efficiency 

within similar conditions. The results (as shown in Fig. 13) 
suggest that the  Ba2Co2Fe11.6Ti0.4O22 can efficiently degrade 
(nearly complete) the methyl orange (MO) within the test 
time of 90  min. The comparative performance of both 
these catalysts is analyzed based on the degradation rate for 
methyl orange, as shown in Fig. 14a. It describes the time-
dependent variation of MO concentration (C) at the time (t) 
with respect to the initial concentration (Co), i.e., 4.6 mg/l. 
To quantify the performance of both these catalysts and 
determination of heterogeneously catalyzed kinetics of the 
MO photodegradation, a standard Langmuir–Hinshelwood 
(L–H) equation is utilized with the following expression 
(Almahri 2022).

where t is time in minutes, karc is the apparent rate constant 
or pseudo-first-order rate constant. The rate constants (karc) 
are determined as the slope of ln(C/Co) vs. time plots (shown 
in Fig. 14b). The rate constant values for  Ba2Co2Fe12O22 
and  Ba2Co2Fe11.6Ti0.4O22 are found to be 2.7 ×  10–3 and 
1.9 ×  10–2  min−1, respectively.

The error analysis is carried out for photo-Fen-
ton MO degradation kinetics on  Ba2Co2Fe12O22 and 
 Ba2Co2Fe11.6Ti0.4O22 nanoparticles. The standard deviation 
of the collected data points is calculated as the error. Fig-
ure 15a displays the error bar diagram, whereas, in a few 
points, the error bar is not visible because they are minor 
than the symbol size. Quenching experiments are also car-
ried out in the presence of different radical or active species-
trapping agents. A particular quencher can quench a specific 
reactive species and affect the photocatalytic performance 
of the catalyst. Isopropyl alcohol (IPA) and parabenzoqui-
none (PBQ) can specifically quench hydroxyl radical (•OH) 
and superoxide radical  (O2

.−), respectively. As shown in 
Fig. 15b, the addition of IPA and PBQ decreases the photo-
catalytic activity with respect to without quencher. Hence, 

(14)ln
(

C
/

Co

)

= −karc

Fig. 11  MO degradation in 
the absence of heterogeneous 
catalyst using  H2O2 under dark 
conditions (a) and the presence 
of a visible light source (b)
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the hydroxyl radical (•OH) and superoxide radical  (O2
.−) are 

prime reactive species for photocatalytic MO degradation.
Another significant parameter, i.e., the turnover fre-

quency (TOF), is also examined in these hexaferrite cata-
lysts to compare the photocatalytic degradation perfor-
mances within similar conditions. The turnover frequency 

is the number of reactants converted into a product on 1 g 
of heterogeneous catalyst in a unit of time (Shang et al. 
2013). The turnover frequency values for  Ba2Co2Fe12O22 
and  Ba2Co2Fe11.6Ti0.4O22 are found to be 7.49 ×  10–7 and 
3.93 ×  10–6 mol   g−1   min−1, respectively. In a combined 
consideration of both the apparent rate constant (karc) and 

Fig. 12  MO degradation with 
 Ba2Co2Fe12O22 as a heterogene-
ous catalyst in the presence of 
 H2O2 within dark conditions 
(a) and the presence of a visible 
light source (b)

Fig. 13  Photocatalytic 
MO degradation on 
 Ba2Co2Fe11.6Ti0.4O22 nanoparti-
cles with  H2O2 under dark reac-
tion condition (a) and visible 
light irradiation (b)

Fig. 14  a Comparative 
analysis of MO degrada-
tion with  Ba2Co2Fe12O22 and 
 Ba2Co2Fe11.6Ti0.4O22 under 
various controlled conditions. 
b Comparison of first-order 
kinetics (ln(C0/C) vs. time plot) 
of both catalysts
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turnover frequency (TOF) values, the titanium substituted 
sample  Ba2Co2Fe11.6Ti0.4O22 shows the best performance 
with complete degradation of the methyl orange dye within 
90 min. This enrichment of catalytic activity can be corre-
lated to various factors such as enhanced absorbance value, 
lowest band gap value, and fine particle size to facilitate the 
larger reactive sites.

Morphological analysis

The surface morphological features of titanium-substituted 
 Co2-Y hexaferrite  (Ba2Co2Fe11.6Ti0.4O22) are analyzed 
using scanning electron micrographs. Figure 16 displays 
the micrographs of calcined powder at 5 K and 20 K mag-
nifications along with corresponding EDX spectra, which 
confirms the elemental identity of this compound without 
any traces of impurity elements. The surface morphology 
reveals that the hexaferrite powder has a wide range of size 
distribution (from 0.15 to 3.61 µm) with an average particle 
size of 1.435 µm (standard deviation of 0.718), composed 
of the larger hexagonal plate-like particle along with small 
particles (irregular shaped) distributed over the surface of 
these larger particles.

Surface electronic structures analysis

To validate the successful substitution of  Ti4+ ions within 
the  Ba2Co2Fe11.6Ti0.4O22 hexaferrite sample, the electronic 
structures of all the elements are studied using XPS spec-
tra recorded in the range of 1350 eV to 1 eV region. The 
relative contribution of each valance state is demonstrated 
qualitatively by deconvoluting the high-resolution X-ray 
photoelectron spectrum.

A wide scan of XPS spectra, displayed in Fig. 17a, vali-
dates the existence of Ba, Co, Fe, Ti, and O elements within 
it, without any impurity element except carbon. The atomic 
percentage of the compound is quantified using a normal-
ized peak area ratio within the overall XPS spectra (utilizing 
CasaXPS software). The precise measurement of peak areas 

requires the selection of a proper deconvolution method and 
background removal, which can resolve the peak broaden-
ing mechanisms in XPS (Cabrera‐German et al. 2016). The 
atomic percentage obtained within the XPS spectra is shown 
in Fig. 17a. The atomic percentage at the surface XPS spec-
tra is found to be in good agreement with the concerned 
chemical formula, measured with EDX spectra, describing 
good homogeneities within the synthesized sample.

The respective C1s peak position (considered as an 
internal standard to calibrate the XPS data) is adjusted to 
284.8 eV to compensate for the binding energies associated 
with all other peaks (Wu et al. 2015; Suthar et al. 2020). The 
high-resolution C1s spectra, displayed in Fig. 17b, reveal the 
existence of three peaks (obtained through deconvolution 
of spectra) corresponding to the C–C bonding (284.80 eV), 
C–O–C bond (285.83 eV), O = C–O bond (287.76 eV), cor-
respondingly (Wu et al. 2019). The high-resolution Ba-3d 
spectra, displayed in Fig. 17c, confirm the existence of 
spin–orbit doublet for barium ions  (Ba2+ state), consistent 
with Ba-3d5/2 at 779.13 eV and Ba-3d3/2 at 794.45 eV, hav-
ing an energy interval of 15.32 eV (Suthar et al. 2020). The 
high-resolution Co-2p spectra, displayed in Fig. 17d, sup-
port the existence of spin–orbit doublet for cobalt ions  (Co2+ 
state), consistent with Co-2p3/2 at 779.13 eV and Co-2p1/2 at 
794.46 eV having an energy interval of 15.33 eV along with 
two satellite peaks at 785.06 eV and 803.22 eV, correspond-
ingly (Suthar et al. 2020). The high-resolution Fe-2p spectra, 
displayed within Fig. 17e, verify the existence of character-
istic peaks for iron ions (mixed  Fe3+ and  Fe2+ states), con-
sistent with Fe-2p3/2 at 709.98 eV and Fe-2p1/2 at 723.48 eV 
having an energy interval of 13.5 eV along with two sat-
ellite peaks at 718.20 eV and 732.47 eV, correspondingly. 
The further deconvolution of these two major characteristic 
peaks explains the co-existence of mixed valency states of 
iron ions within each orbit corresponding to  Fe2+-2p3/2 at 
709.50 eV,  Fe2+-2p1/2 at 723.18 eV,  Fe3+-2p3/2 at 711.62 eV 
and  Fe3+-2p1/2 at 725.11 eV (Suthar et al. 2020). The high-
resolution Ti-2p spectra, displayed within Fig. 17f, justify 
the existence of characteristic peaks for titanium ions (mixed 

Fig. 15  a Error bar diagram for 
the comparison of photo-Fenton 
MO degradation performance 
by the catalyst,  Ba2Co2Fe12O22, 
and  Ba2Co2Fe11.6Ti0.4O22. 
b Quenching experiment 
results on the catalyst, 
 Ba2Co2Fe11.6Ti0.4O22
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 Ti3+ and  Ti4+ states), consistent with Ti-2p3/2 at 457.48 eV 
and Ti-2p1/2 at 463.28 eV having an energy interval of 
5.8 eV. The further deconvolution of these two major char-
acteristic peaks explains the co-existence of mixed valency 
states of titanium ions within each orbit corresponding to 
 Ti3+-2p3/2 at 457.50 eV,  Ti3+-2p1/2 at 463.13 eV,  Ti4+-2p3/2 
at 458.70 eV, and  Ti4+-2p1/2 at 464.92 eV (Woo et al. 2020). 
The high-resolution O1s spectra, displayed within Fig. 17g, 
reveal the existing two peaks (obtained through deconvolu-
tion of spectra) corresponding to M–O bonds at 528.98 eV 
and oxygen vacancy  (O1−) at 530.62 eV, correspondingly 
(Suthar et al. 2020). The XPS study suggests the mixed 
ionic states for iron ions  (Fe2+ and  Fe3+) and titanium ions 
 (Ti3+ and  Ti4+) within the sample. It may facilitate electron 
transportation and enhance redox configuration to the sam-
ple  Ba2Co2Fe11.6Ti0.4O22 (Woo et al. 2020). The existence 
of oxygen vacancy also helps to understand the enhanced 
photocatalytic activity. The presence of oxygen vacancy 
improves visible light absorption. It leads to narrowing the 
bandgap of the sample by generating an extra impurity level 
adjacent to the valence band (Wang et al. 2012; Fernández-
Climent et al. 2020).

Plausible pathway for photocatalytic degradation 
of MO

The  Ba2Co2Fe11.6Ti0.4O22 hexaferrite has a narrow bandgap 
value  (Eg = 1.47 eV) as compared to the  Ba2Co2Fe12O22 
 (Eg = 1.58 eV). It shows excellency within the photocatalytic 
degradation of methyl orange (MO). The degradation 
process (termed as the Photo-Fenton type process) is 
performed with  H2O2 and under visible light irradiation, 
which degrades the MO from the wastewater by generating 

the active hydroxyl radicals  (OH•). It appears that Ti doping 
of  Ba2Co2Fe12O22 significantly improves the photocatalytic 
reductive cleavage of  H2O2 for enhanced hydroxyl radical 
generation. These radicals are strong oxidants (2.84  V 
with respect to a standard hydrogen electrode (SHE)) 
(Chahar et al. 2021). Ti-doping of  Ba2Co2Fe12O22 could 
also improve its interaction with MO molecules in an 
acidic medium (Kumar et al. 2022). The visible light plays 
a crucial role in this degradation process by generating 
photogenerated electron–hole pairs by absorption of photon 
energy, and the electron moves from the valance band to 
the conduction band. These electrons  (e−) and holes  (h+) 
are responsible for conducting redox reactions, resulting 
in the generation of hydroxyl radicals  (OH•), as shown in 
Fig. 18a. The generation of hydroxyl radicals  (OH•) can 
also be understood with the electronic transition during the 
oxidation and reduction of transition metal cations, as shown 
in Fig. 18b. The releasing electron with the oxidation of 
 Ti3+ and  Fe2+ is utilized to generate active hydroxyl radicals 
 (OH•). The generation of these hydroxyl radicals  (OH•) can 
be explained using the following steps (Sharma et al. 2015):

Step 1. Absorption of photon energy and generation of 
electron–hole pair

Step 2. Utilization of photogenerated electron ( e−
C.B.

 ) by 
 H2O2

(15)
Ba2Co2Fe11.6Ti0.4O22 + hv

→ Ba2Co2Fe11.6Ti0.4O22(e
−
C.B.

+ h
+
V .B.

)

(16)H2O2 + e−
C.B.

→ OH− + OH

Fig. 16  SEM micrographs of calcined  Ba2Co2Fe11.6Ti0.4O22 hexaferrite powder at two different magnifications of 5 K and 20 K, along with EDX 
analysis
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Step 3. Utilization of photogenerated hole ( h+
V .B.

 ) by 
hydroxyl ion  (OH−)

Step 4. The reaction of  H2O2 with transition metal cations 
situated over the catalytic surface.

(17)OH− + h+
V .B.

→ OH

(18)H2O2 + Fe3+ → Fe2+ + H+ + OOH

(19)H2O2 + Fe2+ → Fe3+ + OH− + OH

The hydroxyl radicals generated through these steps 
within the process degrade the methyl orange dye, as 
follows.

(20)H2O2 + Ti4+ → Ti3+ + H+ + OOH

(21)H2O2 + Ti3+ → Ti4+ + OH− + OH

(22)
MO + H2O2

(

presence of Fe2+, Ti3+,Fe3+, Ti4+
)

→ Inorganic salt + CO2 + H2O

Fig. 17  The XPS analysis of 
 Ba2Co2Fe11.6Ti0.4O22 hexafer-
rite wide scan XPS survey (a) 
and high-resolution core spectra 
of C-1 s (b), Ba-3d (c), Co-2p 
(d), Fe-2p (e), Ti-2p (f), and 
O-1 s (g)
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The superiority of the proposed titanium-substituted  Co2-Y 
hexaferrite can be understood with a comparative analysis (as 
shown in Table 4) of various catalytic systems studied earlier 
for photocatalytic degradation of nonbiodegradable pollutants. 
The analysis suggests that the  Ba2Co2Fe11.6Ti0.4O22 hexaferrite 
possesses a higher apparent rate constant value among all 
studied systems. It shows a faster degradation response 
and provides an advantageous step toward developing a 

magnetically separable heterogeneous photocatalyst. The 
overall degradation efficiency of  Ba2Co2Fe11.6Ti0.4O22 can 
be correlated with the facile generation of hydroxyl radicals 
 (OH•) along with small crystallite size, presence of active  Ti3+ 
species (promote the interaction of catalyst with reactants, 
retard the recombination of electron and hole) and  Fe3+ and 
 Fe2+ (responsible for trapping of electrons and holes, alter the 
recombination rate) (Khan and Swati 2016).

Fig. 18  a Plausible mechanism 
for the generation of hydroxyl 
radicals  (OH•) within the 
Photo-Fenton-based  Co2-Y 
type hexaferrite ferrite/H2O2 
system, b generation of active 
hydroxyl radicals  (OH•) by 
relocating electrons within the 
 Ba2Co2Fe11.6Ti0.4O22 hexaferrite 
system

Table 4  Comparative analysis of the apparent rate constant  (karc) and degradation efficiency with the earlier reported photocatalytic systems for 
the degradation of various pollutants

S. No Heterogeneous catalyst Catalyst 
dose (mg/
ml)

Utilized 
scavenger

karc
(min)−1

Pollutant Degradation 
efficiency (%)

Reference

1 Meso-CuFe2O4 0.3 H2O2 1.70 ×  10–2 Imidacloprid 100 Wang et al. (2014)
2 ZnFe2O4 1 H2O2 3.00 ×  10–5 Reactive black KN-GR 100 Liu et al. (2011)
3 SrFe12O19 5 - 3.00 ×  10–3 Toluidine blue 100 Farghali et al. (2008)
4 SrFe12O19/SrFeO2.87 5 - 5.00 ×  10–3 Toluidine blue 100 Farghali et al. (2008)
5 Bentonite 0.1 H2O2 2.40 ×  10–3 Methylene blue 100 Almahri (2022)
6 Bentonite/MnFe2O4 0.1 H2O2 1.30 ×  10–3 Methylene blue 100 Almahri (2022)
7 CuFe2O4 0.1 H2O2 1.30 ×  10–3 Methylene blue 73.8 Qin et al. (2018)
8 CoFe2O4 0.2 - 2.00 ×  10–4 Methyl orange - Kim et al (2016)
9 CoFe2O4/Polyaniline 0.2 - 1.61 ×  10–2 Methyl orange 85 Kim et al (2016)
10 K2Fe4O7 0.02 H2O2 1.30 ×  10–3 Methylene blue 100 Zhang et al. (2020a, b)
11 Bi0.9Gd0.1FeO3 0.01 - 1.21 ×  10–2 Methyl blue 95.60 Arti et al. (2022)
12 Bi0.9Gd0.1Fe0.95Mn0.05O3 0.01 - 1.20 ×  10–2 Methyl blue 96.08 Arti et al. (2022)
13 Bi0.9Gd0.1Fe0.95Co0.05O3 0.01 - 1.24 ×  10–2 Methyl blue 94.59 Arti et al. (2022)
14 Bi0.9Gd0.1Fe0.95Cr0.05O3 0.01 - 1.23 ×  10–2 Methyl blue 95.35 Arti et al. (2022)
15 BiFeO3 1 H2O2 1.30 ×  10–2 Methyl orange 86 Ruby et al. (2020)
16 BaFe2O4 1 - 6.00 ×  10–3 Methyl blue 85 Keerthana et al. (2022)
17 MgFe2O4 0.6 - 1.64 ×  10–2 Methyl blue 98.8 Waheed et al. (2022)
18 1.0-Zn/Fe2O4 0.75 - 3.67 ×  10–2 Methyl blue 90.5 Mohan et al. (2021)
19 Cu0.5Mg0.5Fe2O4–TiO2 1 - 1.39 ×  10–2 Rhodamine B 98.4 Tran et al. (2021)
20 Ba2Co2Fe11.6Ti0.4O22 0.05 H2O2 1.90 ×  10–2 Methyl orange 100 This work
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Reusability analysis

A better recyclability and chemical stability of any photocat-
alyst define its suitability for possible adoption in large-scale 
processes. The re-processibility of the proposed photocata-
lyst  (Ba2Co2Fe11.6Ti0.4O22) was monitored for five consecu-
tive runs after a facile magnetic separation, followed by 
washing with DI water and drying at 100 °C. The recovered 
catalyst is again utilized for the same process to degrade the 
methyl orange from its aqueous solution, keeping all param-
eters similar to earlier. The results suggest no remarkable 
degradation efficiency loss (%), as shown in Fig. 19.

Conclusions

The single-phase pristine and  Ti4+ substituted Y-type 
barium hexaferrite  (Co2-Y) having a general formula of 
{Ba2Co2Fe12-xTixO22 (x = 0.0, 0.1, 0.2, 0.3, 0.4, and 0.5)} 
are successfully prepared using the nitrate-based sol–gel 
auto-combustion route. The as-prepared  Co2-Y hexaferrite 
powders have robust thermo-chemical stability, which can 
overcome the problem associated with spinel-based fer-
rites. The structural investigations using XRD and FTIR 
confirm the successful substitution of titanium ions within 
the hexaferrite system. The magnetic studies confirm the 
presence of ferrimagnetic nature within all samples. The 
UV–visible spectrum analysis supports the enhancement in 
visible light absorption and decreasing behavior for band-
gap value by increasing the substitution level of  Ti4+ ions 
within the sample. The photocatalytic degradation study 
of aqueous MO solution in the presence of  H2O2 sug-
gests the superiority of  Ba2Co2Fe11.6Ti0.4O22 compared to 
pristine  Co2-Y barium hexaferrite with an apparent rate 
constant of 1.9 ×  10–2   min−1 and turn over frequency of 
3.93 ×  10–6 mol  g−1  min−1. This enhanced photocatalytic 

activity for sample  Ba2Co2Fe11.6Ti0.4O22 can be correlated 
to the fine crystallite size; the presence of active  Ti3+ species 
to promote the reactivity of catalyst surface; the presence 
of mixed  Fe3+ and  Fe2+ to slow down the recombination 
process by trapping the photogenerated electrons and holes; 
the existence of oxygen vacancy to enhance the visible light 
absorption and leads to narrowing the bandgap by creating 
an extra impurity level adjacent to the valence band. The 
results suggest that the  Ba2Co2Fe11.6Ti0.4O22 ferrite can be 
utilized as a promising material (facile synthesis, enhanced 
thermal and chemical stability, and enhanced apparent 
rate constant value) to catalyze the degradation of several 
nonbiodegradable organic compounds from wastewater in 
large-scale industries, without any hazardous footprint on 
the environment.
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