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Abstract 
Bismuth-based perovskite material has been used as promising photocatalysts for photo catalytic 

degradation of toxic dyes with tailored crystallites and fine-tuned band gap for superior activity. BiFeO3 

and Bi4Ti3O12 were synthesized by a simple sol-gel method and their crystal structure, morphology, 
and optical property were characterized by XRD, SEM, TEM, FTIR, EDS and UV–DRS. The XRD 
pattern exhibits the formation of rhombohedral and orthorhombic phase of bismuth ferrite and bismuth 
titanate. The study confirms the formation of non-uniform BiFeO3 and Bi4Ti3O12 nanoparticles with 
uniform particle distribution, with band gap energy (Eg) of 2.2 eV and 2.9 eV, respectively, from UV-DRS 
analyses and Tauc Plot. The study examined the photocatalytic degradation of a prepared catalyst for 
MG and MB dyes by altering parameters like solution pH, catalyst dose, and agitation time. The results 
indicated that BiFeO3 exhibited higher degrading efficiency compared to Bi4Ti3O12 under similar 
experimental conditions. BiFeO3 degraded more than ≅ 80% of both MG and MB dyes with 0.4 mg∙L‒1 
within 90 min compared to more than ≅ 74% for Bi4Ti3O12 having 0.6 mg∙L‒1 catalyst taken in 20 mL 
of 20 ppm dye concentration in 60 min with prevailing parameter conditions. The higher efficacy of 
BiFeO3 may be contributed to the Eg that makes the catalyst more active under solar spectrum. The 
degradation mechanism involved photoinduced electron/hole pairs producing active radical species, 
with kinetics following a pseudo-first order rate and photocatalyst stability studied through five 
continuous runs. The study found that BiFeO3 outperforms Bi4Ti3O12 in reducing cationic dyes and 
suggests them as potential waste water treatment alternatives. 

1.  Introduction 
 

The excessive use of dyes, solvents, herbicides, and pesticides in 
industries like textiles, paint, petrochemicals, and agriculture has raised 
global environmental concerns. These organic pollutants contaminate 
water sources and threaten aquatic ecosystems. Addressing these 
hazardous contaminants is crucial, and there is an urgent need for 
low-cost, effective methods to treat industrial wastewater containing 
non-decomposable organic materials. Photocatalytic technology 
is vital for reducing energy consumption by using solar energy, with 
the development of high-performance photocatalysts being essential 
[1,2]. Photocatalytic degradation offers an efficient, cost-effective 
solution for detoxifying pollutants, including those in drinking water. 
Methylene blue (MB) and Malachite green (MG), commonly used 
industrial dyes, serve as benchmark materials for testing adsorbents, 
though they pose carcinogenic, teratogenic, and mutagenic risks 
[3-6]. Bismuth-based materials are economical, structurally flexible, 
and efficient in utilizing sunlight for photocatalysis, making them 
ideal for energy and environmental applications. These photocatalysts 
are notable for their environmental safety, versatility, and consistent 
performance under visible light [7-9]. Perovskite compounds like 
Bi4Ti3O12, BaTiO3, BiFeO3, ZnTiO3, CaTiO3, and SrTiO3 are used 
in fuel cells, sensors, memory devices, and spintronics due to their 

ferroelectric and piezoelectric properties. These materials are effective 
alternatives to metal oxides because of their non-toxicity, chemical 
stability, and strong photocatalytic activity in the visible spectrum 
[10,11]. This study focuses on comparing the structural, optical, and 
photocatalytic properties of two perovskite materials, Bi4Ti3O12, and 
BiFeO3. 

Bismuth titanate is a semiconductor with a large band gap and 
exists in various crystal phases, including the sillenite (Bi12TiO20), 
ferroelectric perovskite (Bi4Ti3O12), and pyrochlore (Bi2Ti2O7) phases 
[12-14]. Due to its high dielectric constant, ferroelectric properties, and 
electro-optical capabilities, it is suitable for applications in storage 
devices, sensors, piezoelectric ceramics, and optical components [15]. 
Bi4Ti3O12, in particular, has gained attention for its photocatalytic 
potential in removing organic dyes [16]. Bismuth ferrite (BiFeO3), 
known for its non-toxicity, cost-effectiveness, stability, and electro-
optical properties, is also an efficient photocatalyst, especially in organic 
dye degradation [17,18]. Various methods, such as co-precipitation, 
sol-gel, and hydrothermal synthesis, are used to prepare bismuth 
titanate and bismuth ferrite nanostructures [11,19,20]. 

The sol-gel method was used to produce both bismuth titanate and 
bismuth ferrite nanostructures due to its affordability, speed, safety, 
and ease. Recent studies have focused on their photocatalytic properties. 
This research aims to identify Bi-based perovskite compounds that 
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enhance photocatalytic efficiency under solar light and compare the 
performance of bismuth titanate and bismuth ferrite. The results showed 
that bismuth ferrite nanostructures, with a smaller band gap of 2.4 eV 
compared to 2.9 eV for bismuth titanate, exhibited stronger photo-
catalytic activity when tested on Methylene blue and Malachite green. 

 
2. Materials and methods 

 
2.1 Reagents 

 
Bismuth nitrate hexahydrate (Bi(NO3)3.5H2O) (M.W. 485.07 

g∙mol‒1), Titanium oxide (TiO2) (M.W. 79.87 g∙mol‒1), Oxalic acid 
dihydrate (HOOC-COOH.2H2O) (M.W. 126.07 g∙mol‒1), Ferric 
nitrate nonahydrate Fe(NO3)3⋅9H2O (M.W. 404 g∙mol‒1), Acetic acid 
(CH3COOH) (M.W. 60.052 g∙mol‒1), Ammonia solution about 25% 
(NH3) (M.W. 17.03 g∙mol‒1) were purchased from Merck used as 
a precursor to synthesized perovskite photocatalysts. The stimulated 
water contaminants such as Malachite Green (M.W. 927.02 g∙mol‒1) 
and Methylene blue (M.W. 319.85 g∙mol‒1) dyes were obtained from 
Merck. All the chemicals used in this research work were of analytical 
grade and employed without additional purification. Double distilled 
and de-ionized water was used for preparing solutions and carrying-out 
the experiments. 

 
2.2  Characterization 

 
The study used several instruments for characterization: the 

INSPECT S50 microscope for SEM measurements, the IRAFFINTT-2 
spectrometer for FTIR analysis (4000 cm‒1 to 400 cm‒1), and a 
Shimadzu X-ray diffractometer-7000 for XRD analysis (5° to 60° 
2θ at 2°∙min‒1). Optical properties of the photocatalyst were assessed 
with a UV-VIS spectrophotometer, while high-resolution transmission 
electron microscopy (HRTEM) was conducted using a Tecnai G2 
20 S-TWIN-FE with resolutions of 0.24 nm and 0.14 nm. 

 
2.3  Synthesis of bismuth ferrite 

 
A translucent solution was created by combining Bi(NO3)3⋅6H2O 

and Fe(NO3)3⋅9H2O with the necessary amount of acetic acid and 
water. The aforementioned solution was subsequently treated with 
the required quantity of citric acid. The solution was agitated for an 
hour before being evaporated at 70℃ for 2 h. The solution was then 
centrifuged and carefully rinsed with distilled water until the pH 
was neutral. The precipitate was oven-dried at 70℃ overnight and 
then calcined in a muffle furnace at 500℃ for 4 h [11] and collected 
in a sample tube. BiFeO3 denoted as BFO. The synthesis scheme 
mentioned below in scheme 1. 

 
2.4  Synthesis of bismuth titanate 

 
The Bi4Ti3O12 was synthesized using the sol-gel method as 

outlined in previous research [21]. In brief, 0.2 M of Bi(NO3)3·5H2O 
was placed in a 500 mL beaker and stirred while adding an equal 
amount of TiO2 under continuous stirring. To break down any TiO2 
agglomerates, the suspension was sonicated for 10 min at room 

temperature. Next, a 0.4 M solution of oxalic acid dihydrate was slowly 
added dropwise under constant, vigorous stirring. Following this, 
0.1 M ammonia solution was gradually introduced to the mixture 
until the pH reached 6 to 7. In this solution, bismuth oxalate was 
precipitated onto the surface of fine TiO2 particles via heterogeneous 
nucleation. The resulting precipitate was thoroughly washed with 
deionized water and subsequently dried at 40℃ for 8 h in a vacuum 
oven. The precursor was then annealed at 400℃ for 5 h, allowed to 
cool to room temperature, ground using a mortar and pestle, and 
finally, the Bi4Ti3O12 nanocomposite (referred to as BTO here after) 
was obtained. A schematic diagram of this process is shown below 
in Scheme 2. 

 
2.5  Photocatalytic degradation experiments 

 
BFO and BTO nanoparticles were synthesized to study the photo-

catalytic degradation of methylene blue (MB) and malachite green 
(MG) dyes under sunlight with a light intensity of 10000 lux (measured 
by using a light meter (LX-101A) on the month of September. The effects 
of pH (3 to 11), catalyst dosage (20 mg to 100 mg), and agitation time 
on degradation efficiency were examined using 100 mL of dye solution. 
To enhance dye adsorption, the dye solution was mixed with the photo-
catalyst and left in the dark for 30 min before being exposed to sunlight 
for photocatalytic degradation. After a set time, samples were taken, 
centrifuged, and the supernatant analyzed via UV-Vis spectroscopy to 
determine degradation efficiency using a specific Equation (1) [22]: 
 

 

Scheme 1.  Schematic illustration of the synthesis of BFO using the sol-gel 
technique.  

 

 

Scheme 2. Schematic representation of the BTO synthesis process using the 
sol-gel technique. 
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 % degradation efficiency = (C0 – Ct) /C0 /100  (1)         
             
Where Ct (mg∙L‒1) is the concentration of each time period and C0 

(mg∙L‒1) is the initial concentration. 
 
3.  Results and discussion  
 
3.1  Materials characterization 
 

The crystallinity of the samples was evaluated using X-ray 
diffraction. Bismuth titanate and bismuth ferrite nanoparticles with 
well crystalline structure were produced showed in Figure 1. The 
XRD patterns' diffraction peaks correspond to BTO, as described in 
JCPDS file (JCPDS card number 35-0795), showing that the produced 
powders are monophasic bismuth titanate with an orthorhombic 
structure [23]. The diffraction peaks of pure BFO are in good agreement 
with pure rhombohedral phase, as mentioned in JCPDS file. (JCPDS 
71-2494) [24]. Table 1 summarizes the key peaks at 2θ values and 
provides cell parameters based on both the photocatalysts investigation. 

The average crystallite size of the nanostructures was estimated 
using Scherer's Equation (2).  
 
 D = kλ / βcosθ  (2) 

 
In Equation (2), D, θ, β, and λ represent mean crystalline size, 

Bragg's angle, FWHM of the diffraction peak, and wavelength, 
respectively [25]. 

FTIR spectroscopy was used to confirm the structural properties 
of BFO and BTO nanostructures and identify functional groups on 
their surfaces. The BFO spectrum showed notable absorption peaks 
at 440 cm−1 (Fe-O bending) and around 539 cm−1 (FeO6 octahedral 
group) [25,26]. The BTO spectrum displayed absorption bands below 
830 cm−1, reflecting its cationic nature, with Ti-O stretching vibrations 
at 817 cm−1 and 588 cm−1. The observed bands differed from those 
in existing literature, possibly due to differences in particle size, as 
larger particles typically exhibit lower frequency vibrations and 
wave numbers [27]. 

FESEM and TEM were used to analyze the surface morphology 
and particle size of Bi-based perovskite materials. Figure 3(a) shows 
the FESEM image of BFO, revealing irregular particles around 200 nm 
along with flake-shaped particles made of BFO nanoparticles [28]. 
In Figure 3(b), the SEM micrographs of BTO show nanometric particles 
forming soft agglomerates after annealing. The particles exhibit an 
elongated, plate-like morphology typical of BTO powders due to their 
anisotropic structure [29]. Figure 3(c-d) present HRTEM images of 
BFO and BTO nanoparticles, respectively. Figure 3(c) shows well-
dispersed, fine, and uniform spherical BFO nanoparticles on a copper 

grid with minimal aggregation. The corresponding selected area electron 
diffraction (SAED) pattern in Figure 3(e) confirms the well-crystallized, 
pure rhombohedral crystal structure of BFO, with an inter-planar 
spacing of 2 Å, consistent with previous studies [30]. Figure 3(d) shows 
the HRTEM image of BTO nano particles near the edge, verifying 
their orthorhombic crystallinity with a periodic fringe spacing of 3 Å. 
The SAED pattern of BTO is shown in Figure 3(f) [31]. Additionally, 
the EDX spectra of BFO and BTO nano powders are displayed in 
Figure 3(g-h). 

 

 

Figure 1. XRD patterns of Bismuth Titanate and Bismuth Ferrite with JCPDS 
reference. 

 

  

 Figure 2.  FTIR analysis of BFO and BTO nanoparticles. 
 
Table 1. Summary of the major information gained from the examination of the XRD spectra for the distinct structures: crystalline system, space group, 
cell characteristics, peaks and the related crystal planes. 
 
 Crystal system Crystal size a  [Å]   b [Å] Main peaks at 2𝜽𝜽 Crystal planes 
BFO Rrhombohedral 24.41 5.5781 5.5781 22.3, 31.7, 32.1, 39.4, 51.2,        

56.8, 66.9, 71.2, 75.5 
(012), (104), (110), (202), (116), 
(214), (220), (036), (128) 

BTO Orthorhombic 47.40 5.4489 32.8150  30.2, 32.84, 37.06, 47.32,  
39.67, 57.24 

(171), (200), (062), (202), (280), 
(170) 
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Figure 3. SEM and TEM images of BFO (a, c) and BTO (b, d), SAED patterns for BFO (e), and BTO (f), EDS spectra BFO (g), and BTO (h).  
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Figure 4.  UV-visible absorption spectra of BFO and BTO (a). The Tauc plots for the BFO and BTO nanocomposite (b).

UV-Vis absorption spectroscopy was used to analyze the optical 
absorption behaviour of the synthesized photocatalysts, with results 
shown in Figure 4. As shown in Figure 4(a), pure BFO composites have 
an extended absorption range into the visible spectrum compared to 
pure BTO. The optical absorption of a semiconductor is influenced by 
its band gap energy, which was calculated for BFO and BTO catalysts 
using the intercept method on a plot of (hυ)1/2 vs. photon energy. The 
band gaps were found to be 2.2 eV for BFO and 2.9 eV for BTO, as 
illustrated in Figure 4(b). The calculations are based on Equation (3) [32]. 

 
 (αhυ) n = k (hυ − Eg)             (3) 
 

In this context, hhh represents the absorption energy, Eg is the 
band gap energy, k is the effective mass parameter for the valence 
and conduction bands, and nnn is set to 2 for an indirect transition. 
To determine the conduction band edge (ECB) of a semiconductor 
at zero charge, equation 4 provides the necessary formula [33]. 

 
 ECB = X − Ee − 0.5 Eg       (4) 
 

Where ECB is the CB edge potential and X is the absolute electro-
negativity of the semiconductor. On the hydrogen scale, Ee denotes 
the energy of free electrons. Eg denotes a semiconductor's band gap 
energy. The formula for calculating EVB is EVB = ECB + Eg. 

The N₂ adsorption-desorption isotherm of the fabricated ferrite 
hybrid composite was analyzed and is presented in Figure 5. According 
to the IUPAC classification, the isotherm corresponds to a type IV 
curve, indicating the characteristics of the composites [34]. The BET 
surface areas of BFO and BTO were measured to be 12.57 cm3∙g‒1 and 
7.80 cm3∙g‒1 respectively. The increased surface area of the photocatalyst 
enhances its interaction with organic contaminants on the photocatalyst 
surface, thereby improving its photocatalytic performance. 

X-ray photoelectron spectroscopy (XPS) is a surface-sensitive 
analytical technique used to determine the formal oxidation states of 
elements within a composite. In this study, XPS analysis was conducted 

to examine the inner electronic states of the elements (Ti, O, Bi, and Fe) 
present in the synthesized BFO and BTO samples. Figure 6 presents 
the Gaussian curve fitting of the XPS survey spectra for pure BFO and 
BTO composite. For BTO, the Bi 4f spectrum exhibited spin-orbit 
splitting into two distinct peaks, located at binding energies of 163 eV 
and 158 eV, corresponding to Bi 4f5/2 and Bi 4f7/2, respectively. These 
peaks are characteristic of Bi (III), as reported in the literature. In the 
Ti 2p region, peaks were detected at binding energies of 465.2 eV 
and 457.5 eV, corresponding to Ti 2p1/2 and Ti 2p3/2, respectively, 
confirming the presence of Ti4+ ions in Bi4Ti3O12.The O 1s region 
revealed a primary peak at approximately 528.8 eV, attributed to 
bridging oxygen atoms from Bi–O and Ti–O bonds, consistent with 
the O 1s peak positions in BiOX and TiO₂ surfaces. A minor peak at 
around 531 eV was also observed, indicating the presence of hydroxyl 
groups adsorbed on the surface. These characteristic peaks are as 
reported in the literature [35]. 

 

 

Figure 5. BET analysis data of BFO and BTO satisfying type-(IV) isotherm.
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Figure 6.  XPS spectra of BFO and BTO with the spin states representing O1s, Bi 4f, Fe 2p, and Ti 2p.
 

For BFO the Bi 4f state into the 4f5/2 and 4f7/2 peaks, located at 
binding energies of 163.2 eV and 158.1 eV, respectively. This doublet 
peak in the Bi 4f spectrum confirms the presence of pure Bi3+ in the 
BFO and rules out the existence of metallic Bi. The XPS spectra for 
the Fe 2p energy state. The Fe 2p spectrum is resolved into two peaks 
corresponding to 2p3/2 (609.3 eV) and 2p1/2 (722.3 eV). Additionally, 
a satellite peak appears at 718.5 eV, which is 7.9 eV above the 2p3/2 

peak. These results unequivocally indicate that the oxidation state of 
Fe is Fe3+. The XPS spectra for the O 1s energy state, showing two peaks 
at binding energies of 530.9 eV and 529.9 eV, which correspond to O2‒ 

ions in the lattice. The higher-intensity peak at 530.9 eV represents the 
ideal lattice oxygen state, while the lower-intensity peak at 529.9 eV 
suggests a slight deviation from perfect stoichiometry. This deviation 
arises due to annealing, a process that plays a critical role in transitioning 
the structure to a single-phase BFO, as confirmed by XRD patterns. 
The Bi-rich phase, Bi25FeO39, disappears upon annealing in an oxygen 
atmosphere, transforming into the stoichiometric BFO phase. The 
smaller XPS peak at 529.9 eV reflects the reorientation of atoms during 
annealing, which adjusts the charge balance within the lattice paraphrase 
[36,37]. 
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3.2  Photocatalytic activity  
 

The photocatalytic performance of synthesized BFO and BTO 
were evaluated for the degradation of MB and MG under solar light 
with 4000 W∙h∙m‒2 insolation. To achieve adsorption-desorption 
equilibrium, the dye solution and catalyst were mixed and kept in the 
dark for about 30 min. The percentage of dye removal was determined 
using Equation (1), the variation of Ct/C0 (with C0 = 20 ppm) over time 
(t) for BFO and BTO and a catalyst dose of 20 mg is shown in Figure 7. 
As indicated, the materials displayed minimal adsorption in the dark. 
BFO exhibited the highest degradation efficiency under light, achieving 
≈76% degradation of MB and ≈86% degradation of MG within 90 min 
and ≈78% degradation of MB and ≈82% degradation of MG within 
60 min for BTO. Minimal dye degradation occurred in the dark, high-
lighting the necessity of solar light for effective dye degradation. BFO 
demonstrated a superior adsorption capacity for dye molecules due to 
its greater number of active sites [38]. To further explore the degradation 
performance, the catalyst was tested under various conditions. The 
effects of parameters like pH, catalyst dose, dye concentration, and 
irradiation time on degradation efficiency are discussed. 

 

Figure 7. Photocatalytic degradation of MB and MG by BFO and BTO 
over time. 

 
 

            

        

Figure 8.  % age degradation of MB and MG for BFO and BTO. Agitation of time MB (a), MG (b). Effect of pH (c), and catalyst dosage (d). 
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The photocatalytic degradation of methylene blue (MB) and 
methylene green (MG) dyes by the synthesized perovskite nano-
particles was tested under sunlight. Control tests without BFO or 
BTO photocatalysts (Figure 8(a-b) showed that the dye concentration 
(5 mg∙L‒1) remained stable, indicating the dyes' resistance to degradation. 
However, the addition of 40 mg of photocatalysts led to effective 
dye breakdown. The dye degradation efficiency of MB and MG 
(5 mg∙L‒1) using 20 mg of BFO and BTO nanoparticles was studied 
under varying pH levels (3 to 12) with solar irradiation, as shown in 
Figure 8(c). The pH of the solution plays a crucial role in influencing 
electrostatic interactions between the catalyst, dye molecules, and 
reactive oxygen species (ROSs), which significantly impacts the 
degradation process [39].The study found that malachite green (MG) 
degradation was highest at pH 8.5 for BFO and pH 6.5 for BTO. 
Degradation efficiency peaked in basic conditions, with the process 
completing within 90 min for BFO and 60 min for BTO. Approximately 
82% of MG was degraded using BFO and 78% using BTO, while 
86% and 76% of methylene blue (MB) were degraded under similar 
conditions. Basic conditions enhance hydroxyl radical generation, 
aiding degradation. Additionally, increasing catalyst loading from 
20 mg to 80 mg at a neutral pH improved dye degradation rates from 

about 60% to 86%, attributed to more active sites and increased 
radical production, as shown in Figure 8(d) [40]. 

Figure 9(a-d) show the reduction in absorbance of 100 mL 
MB and MG dye solutions over time at neutral pH, indicating dye 
degradation. For MG, 40 mg of BFO catalyst was used over 90 min, 
while MB was treated with 60 mg of BFO for 90 min, and 40 mg 
of BTO was applied for 60 min. The degradation kinetics of 5 mg∙L‒1 
MG and MB dyes under neutral conditions were analyzed using 
a pseudo-first-order kinetic model with 60 mg and 40 mg of BFO 
and BTO photocatalysts, respectively shown in Figure 10(a-d). This 
model is represented as: 

 
 ln (C0/C) = kt                  (5) 
 

In this model, ‘k’ represents the rate constant, ‘t’ denotes the 
irradiation time, and ‘C0’ and ‘C’ stand for the dye concentrations 
before and after sunlight exposure, respectively [41]. The observed 
linear correlation between ln (C0/C) and time, combined with an R² 
value nearing one, verifies that the dye degradation process follows 
first-order kinetics [42,43].

               

               

Figure 9.  % degradation with time for BFO: MB (a) and MG (b), and for BTO: MB (c) and MG (d). 
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Figure 10. Kinetic studies of photocatalytic degradation by BFO towards: MB (a) and MG (b), and by BTO towards: MB (c) and MG (d). 
 

Total Organic Carbon (TOC) measurements were used to evaluate 
the mineralization of MB and MG through photocatalysis. Figure 11 
(a-b) present the TOC removal rates for MB and MG using BFO and 
BTO photocatalysts. The results showed that the TOC removal rate 
for both MB and MG increased with irradiation time, followed by a 
slight decrease after a certain period. The removal rates reached 84% 
(BFO) and 79% (BTO) for MB, and 86% (BFO) and 78% (BTO) for 
MG, respectively. This indicates that BFO and BTO facilitate almost 
complete degradation of these compounds, with some residual carbon 
remaining. These findings demonstrate that both BFO and BTO not 
only enhance the degradation efficiency of MB and MG but also 
improve their mineralization capabilities [37]. 

The stability and reusability of the perovskite photocatalysts 
were evaluated over five cycles under sunlight, as illustrated in 
Figure 12(a-b). After each cycle, the catalysts were recovered by 
centrifugation, washed, and dried at 70°C. Histogram results showed 
that for methylene blue (MB), BFO's degradation efficiency dropped 
from 80% to 54%, while BTO's declined from 71% to 49% over five 
cycles. For malachite green (MG), BFO’s efficiency decreased from 
80% to 69%, and BTO’s from 76% to 63%. The decline in efficiency 

is likely due to slight catalyst loss during recovery. Several reactive 
species, including superoxide anion radicals (O2•‒), hydroxyl radicals 
(•OH), and photogenerated holes (h+), are capable of degrading organic 
compounds. To explore the photocatalytic mechanism and identify 
the primary reactive species involved in the degradation of dye, 
a strategy using different scavengers was employed the effect of 
scavenger concentration was also assessed Figure 12(c-d). Notably, 
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results indicate that superoxide and hydroxyl radicals are crucial to 
the degradation process [44]. This result confirms that h+ is the primary 
reactive species driving photodegradation, followed by O2•‒ with a 
moderate contribution and •OH with a minor contribution in case of 
MB while in case of MG •OH with a moderate contribution, and 
O2•‒ with a minor contribution, respectively. 
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Figure 11. TOC removal rate of MB (a) and MG (b) using BFO and BTO photocatalysts. 
 

          

           

Figure 12. Recyclability test for BFO and BTO nanocomposites with MB (a), and MG (b), Scavenger test for synthesized BFO and BTO nanoparticles with 
MB (c), and MG (d). 
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Figure 13. XRD patterns after five cycles of solar light irradiation for BFO (a) and BTO (b). SEM images after five cycles of solar light irradiation for BFO 
(c) and BTO (d). 
 

In Figure 10 The XRD spectra of the samples before and after five-
cycle degradation reveal no significant changes in their major peaks, 
indicating structural stability. However, some additional peaks emerge 
after degradation, which may suggest the formation of new phases 
or minor structural changes for BFO and BTO in Figure 13(a-b). 
Similarly, the SEM images exhibit flake-like structures for the BFO 
phase in Figure 13(c) and plate-like morphology for the BTO phase 
in Figure 13(d), consistent with their respective characteristics. 

Scheme 2 presents a proposed mechanism for the photocatalytic 
activity of the synthesized BFO and BTO nanoparticles under sunlight. 
BFO’s smaller band gap of 2.2 eV enables absorption in the visible 
region of the solar spectrum, allowing it to harness more sunlight 
compared to materials with larger band gaps that are limited to UV light. 
This enhances electron-hole pair generation, increasing charge carriers 
for redox reactions. By using the mott schottky analysis method by 
using Equation (4) and the result found that ECB 0.34 eV and EVB 
2.52 eV for BFO and ECB 0.64 eV and EVB 3.54 eV for BTO 
respectively. The conduction band (CB) should be more negative than 
the redox potential of oxygen reduction to produce the super oxide 
radicals (O2‒ •). The valence should be more positive than the redox 
potential of water oxidation to generate hydroxyl radicals (•OH). 
Additionally, the CB and VB should align with the redox potentials 

of the dye molecules for effective photocatalytic degradation. When 
exposed to sunlight, electrons and holes are generated in the conduction 
and valence bands, respectively. The electrons migrate to the surface, 
where they form superoxide radicals (O2•‒) by reacting with absorbed 
oxygen. These superoxide radicals interact with h+ ions to produce 
hydrogen peroxide, which, in turn, generates active hydroxyl radicals 
when reacting with valence electrons. The holes react with water to 
produce hydroxyl (OH•) radicals. These electron-hole pairs are critical 
for photocatalytic processes, as they drive the redox reactions required 
for dye degradation and reactive oxygen species (ROS) production 
[45]. The study's findings, compared with previous data, show that 
the synthesized materials demonstrate strong photocatalytic capabilities 
for dye degradation, as summarized in Table 2-3.The equations 
governing the degradation mechanism are provided below. 
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Table 2. Comparison table of previously reported photocatalysts with this photocatalysts. 
 
Sl. No. Perovskite Dye Band gap 

[eV] 
Time 
[min] 

%D Ref. 

1 SrTiO3 Rhodamine B, 
Methylene blue 

3.20 120  88, 92 [46] 

2 NiMnO3 Bromophenol blue 3.39 75 80 [47] 
3 BaTiO3 Methylene blue 2.90 180  92.8 [48] 
4 Bi2MoO6 Methylene blue, 

Malachite green, 
Rhodamine B,  
Gentian violet 

2.56 60 86, 97, 55, 82 [49] 

5 MgTiO3 Methylene blue, 
Rhodamine B, MO, 
and Congo red 

2.80 180 89.7, 80.4, 79.4,  
and 79.4 

[50] 

6 SrZrO3 Methylene blue 5.31 120 80.1 [51] 
7 CaTiO3 Methylene blue 2.67 240 87.1 [52] 
8 NdFeO3 Methylene blue 2.48 120 95 [53] 
9 BFO Methylene blue, 

Malachite green 
 90 ≅80 Current study 

10 BTO Methylene blue, 
Malachite green 

 60 ≅76 Current study 

 
Table 3. Comparison table of previously reported BTO and BFO based photocatalyst 
 
Sl. No. Perovskite Source Dye Time(min) %D Ref. 
1 BFO Visible light Mordant blue 9 180 88.5 [54] 
2 BFO Sunlight MB 180 89 [55] 
3 BFO Visible light MB 120 98.49 [56] 
4 BFO Solar-driven MB 180 73.2 [57] 
5 Current study Solar light MB, MG 90 ≅80  
6 BTO Sunlight RhB 50 50 [58] 
7 BTO Sunlight RhB 120 91.3 [59] 
8 BTO Visible light MO 240 96 [60] 
9 BTO Visible light RhB 240 98 [61] 
10 Current study Solar light MB, MG 60 ≅76  
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Scheme 3. Proposed mechanism for the photo-degradation of MB and MG dyes 
using BFO and BTO photocatalysts. 
 
4.  Conclusion  

 
BFO and BTO nanocomposites were successfully synthesized 

using the sol-gel method, and their properties were analyzed using 
techniques such as XRD, SEM, TEM, EDAX, FTIR, and UV-DRS. 

XRD and SEM results showed that BFO and BTO have rhombohedral 
and orthorhombic crystal structures, respectively, with BFO particles 
having a uniform flake-like surface and BTO exhibiting a plate-like 
morphology. The band gaps for BFO and BTO were found to be 2.2 eV 
and 2.9 eV, respectively. Photocatalytic tests demonstrated that both 
materials effectively degraded MB and MG dyes under sunlight, with 
BFO showing higher efficiency than BTO. The BFO catalyst also 
exhibited excellent recyclability, maintaining around 80% efficiency 
after multiple cycles. Superoxide (•O2‒) and hydroxyl (•OH) radicals 
were identified as the primary agents driving the degradation process, 
with minimal contribution from photo-excited holes (h+). 
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