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Abstract

This study presents a novel exploration into the photocatalytic properties of nanostructured
BiFeO;, synthesized using the ultrasonication-assisted sol-gel technique. Rietveld-fittedX-ray
diffraction studies reveal that the synthesized compoundexhibits rhombohedralsymmetry (R3¢
space group).The scanning electron microscopy (SEM) analysis shows that the particles have a
spherical shape with a flake-like grain structure. The particle size distribution, determined from
the SEM images, is around 23.75 nm.The FTIR and Raman spectra confirmed the mono-phase
composition.Optical properties, examined through UV-Vis spectroscopy, direct energy band gap
of2.216 eV. To further assess the photocatalytic activity of BiFeOs, the degradation of Methylene
Blue (MB) was investigated under visible light, resulting in an impressive efficiency of 98%.
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Introduction

In recent years, nanostructured materials, with their unique properties distinct from their bulk
counterparts, have shown immense potential for advanced technological applications, particularly
in the field of photocatalysis [1-3]. Among these, iron-based perovskites, typically represented
by the formula AFeOs; (where A denotes metal ions such as Ca, Sr, Ba, Bi, La, Gd, Ga, or Y),
have gained significant attention for their multifunctional characteristics [4, 5]. When synthesized
at the nanoscale, these materials can incorporate both magnetism and ferroelectricity, which
enhance their photocatalytic performance for photodegradation processes. Magnetism facilitates
the efficient recovery of photocatalysts using external magnetic fields, while ferroelectricity aids
in the effective separation of photogenerated charge carriers, thus preventing recombination and
boosting catalytic efficiency [6]. Ferroelectric materials are highly sought after for their intrinsic
polarization, which inhibits the recombination of photon-induced electron-hole pairs, making
them ideal for degrading a variety of pollutants, including CO,, CO, methylene blue (MB), and
other organic contaminants [7]. Multifunctional oxides, such as TiO,, WO,, SnO,, Fe,;0s, and
ZnO [8-12], have also been widely studied for photocatalytic applications. However, their
relatively large optical bandgap (>3 eV) limits their efficiency under visible light, highlighting
the potential of materials that can utilize the entire solar spectrum for enhanced degradation
processes.

BiFeO;, a multiferroic compound with a low optical bandgap (Eg~2.2 e¢V) and a high
polarisation value (100 C/cm?), emerges as a promising choice. BiFeO; (BFO) structure is
Rhombohedral distorted perovskite with R3¢ space group [13]. The stereochemical activity of the
6s2 electron lone pair of Bi*" causes a cationic shift in the crystal, resulting in room-temperature
ferroelectric behavior [ 14]. The immense potential applications of these findings in photocatalysis
and environmental remediation are a beacon of hope, inspiring further research and development.
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However, numerous studies have focused on enhancing the visible-light-driven photocatalytic
activity of transition metal-doped BiFeOs; compounds [15]. Wang et al. reported that Oxygen
vacancies induced by zirconium doping in bismuth ferrite nanoparticles for enhanced
photocatalytic performance [16]. Furthermore, Meng et al. investigated the influence of
lanthanum doping on the photocatalytic properties of BiFeOs for phenol degradation [17].
Similarly, Dhanalakshmi et al. reported enhanced photocatalytic activity in La-substituted
BiFeO3 nanostructures for the degradation of phenol red [18]. Additionally, Esmaili et al.
successfully demonstrated the impact of Nd and Zr co-substitution on the structural, magnetic,
and photocatalytic properties of BijxNd«Fei«ZrkO3 nanoparticles [19]. Beyond these studies,
numerous approaches have been explored to improve photocatalytic activity, including doping
with other elements, forming composites, and optimizing synthesis methods. Earlier studies
focused on improving BiFeOs's multiferroic and magnetoelectric properties, but it also shows
great potential for photocatalytic applications. Various synthesis methods have enhanced its
magnetoelectric and optical properties. Xian et al. reported improved photocatalytic performance
of BiFeO3with reduced particle size [20]. While BFO has been synthesized via solid-state and
wet chemical methods, high-temperature synthesis lowers its photocatalytic efficiency [21].
Motivated by this, we synthesized BiFeO; nanoparticles at low temperatures using an
ultrasonication-assisted sol-gel method and explored their enhanced optical properties.

In this study, considering the above factors, we successfully synthesized uniform nanoparticles
of BiFeOs using a conventional ultrasonication-assisted sol-gel method. We further investigated
the structural, optical, and photodegradation properties of the nanostructured BiFeO3; compound.

Experimental Procedure

Nanostructured BFO was synthesized using an ultrasonication-assisted sol-gel technique,
following procedures similar to those outlined in previous studies [22-24]. High-purity analytical-
grade chemicals were used, including bismuth nitrate pentahydrate [Bi(NOs)3;-5H>O], iron (III)
nitrate nonahydrate [Fe(NO3)3;-9H,0], and tartaric acid [C4H¢Os], all without further purification.
Double-distilled water was employed throughout the entire process.

Bismuth nitrate pentahydrate [Bi(NOs)3-5H>O] and iron (III) nitrate nonahydrate
[Fe(NO3);-9H,0O] was dissolved in double-distilled water in a 1:1 ratio, followed by
ultrasonication for 2 hours. Tartaric acid was added as a complexing agent (2 mol per 1 mol of
metal ions) to prevent aggregation and promote uniform particle formation. The solutions were
combined, and the pH was adjusted to 1 with nitric acid. The mixture was ultrasonicated for 3
hours, resulting in a yellow gel, which was dried at 363 K. The powder was then calcined at 873
K for 2 hours and sintered into pellets at the same temperature for 2 hours in ambient air.

The crystal structure of BFO was analyzed using X-ray diffraction (Cu-Ka radiation) on a
Bruker D-8 Advance diffractometer and refined with Fullprof software. FTIR analysis confirmed
key chemical bonds in the compound using a Bruker Vertex 70 spectrometer. UV-vis absorption
spectra were recorded with a Rigol Ultra 3660 spectrophotometer. The photocatalytic activity of
BFO was tested for MB degradation under visible light using a 150W xenon lamp (400 nm). A
10 mg/L catalyst was used in a 10 ppm MB solution, with absorbance monitored at 556 nm.

Results and Discussions

The Rietveld refinement of X-ray diffraction (XRD) data for BiFeOs; synthesized via
ultrasonication-assisted sol-gel method is shown in Fig. 1(a). The Bragg peaks confirm the
compound’s thombohedral structure with an R3¢ space group. The single-phase nature of the
compound is verified by the consistent indexing of all characteristic peaks with theoretical data,
with no evidence of secondary or impurity phases. The refinement process began by adjusting
the scale and zero factors, followed by the determination of lattice constants. The full-width at
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half-maximum (FWHM) and background parameters were refined individually, while atomic
positions were adjusted relative to isotropic factors. The fitting continued until the reliability
factors reached acceptable values (y> = 1.3). The Wyckoff positions of the constituent elements
are as follows: Bi at 6a (0, 0, z), Fe at (0, 0, 0), and O at 18b (x, y, z) [22, 23]. Fig. 1(a) clearly
shows peak broadening at the base, indicating reduced crystallinity and confirming the
nanocrystalline nature of the material. Refined parameters, including atomic positions,
occupancy, bond lengths, and bond angles, are listed in Table 1. Using these parameters, the
crystal structure was modeled using VESTA software, with the inset of Fig. 1(a) visually
representing the octahedral distortions.
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Fig. 1. (a) Room temperature XRD and (b) SEM image of BiFeO;

Scanning Electron Microscopy (SEM) images, shown in Fig. 1(a-c), were used to investigate
the surface morphology and grain distribution of the reported compounds. The images reveal
spherical, agglomerated, and irregularly shaped particles with voids and pores, indicating the
release of gases such as carbon dioxide and nitrogen during the combustion process [4, 22]. The
grain size histogram, presented in the inset of the representative SEM images, shows that the
average grain size for the composition is 23.75 nm.

Fig. 2(a) displays the Fourier-transform infrared (FTIR) spectra of BiFeOj3 in the 400 to 4000
cm ! range, providing insight into its molecular bonding. Within the 400 cm™ to 600 cm ™ range,
distinct peaks are observed, corresponding to the stretching and vibrational modes of metal-oxide
bonds. These peaks are linked to the characteristic FeOs and BiOg octahedral configurations,
confirming the formation of BFO [25]. Specifically, peaks at 426 cm™ and 440 cm™', shown in
the inset of Fig. 2(a), are attributed to the bending vibrations of Bi-O-Bi and Fe-O-Fe bonds,
respectively [26]. The broad peak at 550 cm™ results from the overlap of Bi-O and Fe-O
stretching vibrations [27]. Additionally, other peaks in the spectrum suggest the presence of
functional groups, as indicated in Fig. 2(a) [28]. This detailed analysis of the FTIR spectra
provides valuable information on the molecular composition and bonding characteristics of BFO
synthesized via the ultrasonication-assisted sol-gel method.

Fig. 2(b) presents the Raman spectra of BiFeO:s in the range of 50 to 750 cm™’, revealing several
molecular interactions. According to group theory, it exhibits 13 Raman-active modes, as
described by I'raman, R3¢ = 4A1 + 9E [29]. The 4A1 and 9E modes correspond to the transverse
and longitudinal optical modes, polarized along the z-axis and x-y plane, respectively. The spectra
were further deconvoluted into individual Raman modes: Ai1(138), Ai2(171.67), A13(221.38),
E1(73), E3(253.81), E4(293.61), Es(336.19), E¢(360.89), E7(470.41), Eg(530.22), and Eo(579.04).
These modes are consistent with those reported by Kothari et al. [30]. The intensity differences
between the A; and E modes arise from the unpolarised measurement condition. The presence of
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lone pair electrons in Bi*" ions leads to stereochemical activity in Bi-O bonds, which influences
ferroelectricity and polarizability, resulting in six low-frequency Raman-active modes: Ei, E,
A1, A, Az, and Ays [31]. In this study, Ei, A1, Az, and Ajz are observed. The moderate-
frequency modes E; and E4 correspond to Fe-O bonds, while the higher-frequency modes Es to
Ey are attributed to vibrations of Fe in FeOg octahedral [32].
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Fig. 2. (a) FTIR and (b) Raman spectra of BiFeO;

The optical properties of a compound provide valuable insights into its electronic transition
levels. To explore this, UV-visible spectroscopy was performed in the 300 to 800 nm range, as
shown in Fig. 3(a). The absorption spectrum displays a broad feature in the visible region, with a
distinct absorption peak observed at 560 nm. The energy band gap was determined using the
modified Tauc’s relation [33], as expressed below:

(ahv)2 = p(hv - Eg) )]

In this equation, a represents the absorption coefficient, h is Planck's constant, v is the
frequency of the incident radiation, f is the band tailing parameter, and n defines the nature
of the optical band gap. When n = 1/2, the band gap is indirect, and when n = 2, it is direct.
Based on previous studies, it is known to have a direct optical band gap [34]. By performing
a linear fit of the absorption data, the direct optical band gap was calculated to be 2.216 eV,
as shown in Fig. 3(a).

The electronic structure is characterized by O-2p and Bi-6s orbitals in the valence band and
Fe-3d and Bi-6p orbitals in the conduction band. Crystal field splitting causes the octahedral
t2g3eg2 configuration to transform into the rhombohedral a,'e?e? configuration. This results in
hybridized O-2p and Fe-3d (all) states in the valence band, just below the Fermi level, and
hybridized O-2p, Fe-3d (e2), and Bi-6p states in the conduction band at higher energies. These
interactions lead to various inter-atomic transitions, including the Fe 3d-d absorption band,
which is attributed to the electron spin in the Fe 3d5 state, as observed in prior studies [34, 35].
The main optical transitions are attributed to interatomic O-2p <> Fe-3d transitions and intra-
atomic Fe d-d transitions.

To assess the photodegradation performance, 10 mg of BiFeOs nanoparticles were suspended in 100
mL of a 10 mg/L MB (Methylene Blue) aqueous solution. The mixture was stirred in the dark to allow
the system to reach adsorption-desorption equilibrium. Subsequently, the mixture was exposed to light
from a tungsten lamp (A > 400 nm) for various time intervals. Fig. 3(b) illustrates the
photodegradation of MB, showing the process at the initial time of 0 minutes and after 270 minutes,
with intermediate time points included. The degradation efficiency was calculated using the
following mathematical equation [36]:
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Fig. 3. (a) UV-Vis spectra of BFO with Tauc plot in inset (b) Photodegradation graph of MB using BFO as
Photocatalyst (c) Degradation concentration with varying time along with reaction kinetic in inset (d) Schematic
representation of Photocatalytic reaction

Fig. 3(c) illustrates the degradation rate as a function of time. The MB degradation rates observed at
different time intervals are 30%, 56%, 83%, 96%, and 98% after 30, 65, 140, 235, and 270 minutes,
respectively. The degradation rate constant is determined using pseudo-first-order reaction kinetics, as
shown below [37]:

In< = —kt 3)

Co

Where Cy represents the initial MB concentration, C is the concentration at time t, and k is the
degradation rate constant. The degradation rate constant, determined by the linear fitting of In (C/Co) vs.
time (t)was found to be 0.0142 min'. The possible mechanism for the degradation of MB using
nanoparticles is illustrated in Fig. 4(d). Upon irradiation with visible light, electrons are excited from the
valence band to the conduction band, leaving behind holes. The nanoparticles actively participate in redox
reactions on their surface with the separated electrons and holes. The electrons are absorbed by O»
molecules, while the holes interact with H>O molecules, resulting in the formation of active OH* and
O * radicals. The equations for the formation of these radicals are as follows [38]:
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BiFeO; + hv — BiFeO;+ e~ + h* 4

H,0 + h* > OH™ + H* )

fo+ H,0 > OH™ + H* 6)

ecgt+ 02 = 037 (M

MB (dye) + 05* + OH™* - Products - H,0 + CO, ®)

The involvement of reactive oxygen species (ROS), such as superoxide radicals (O2") and hydroxyl
radicals (OH"), plays a crucial role in influencing photocatalytic activity, driving and enhancing the
overall efficiency of BFO photocatalysts [38]. Previous studies have reported relatively lower
degradation efficiency under visible light irradiation for various inorganic dyes [39, 40]. However, the
ultrasonication-assisted sol-gel method used in this study is of critical importance, as it results in a smaller
grain size (~23.75 nm) and a uniform particle size distribution, thereby significantly improving
photodegradation performance under visible light irradiation.

Table 1. Atomic positions and bond parameters were calculated from Rietveld refinement of the
X-ray diffraction pattern

Atom  Wyckoff X Y Z Occupancy
Bi" 6a 0.00000  0.00000 0.72713 0.34354
Fe® 6a 0.00000  0.00000  0.00000 0.34347
0? 18b 0.85593  0.65897 0.48414 0.90897

Bond length (in A) Bond angle (in degree)

Fe-O 2.6184 Fe-O-Fe 157.437

Bi-O 3.1897 Bi-O-Bi 148.076

As discussed earlier, during the photocatalytic degradation of organic dyes, the migration of
photoexcited electrons and holes to the photocatalyst surface is essential to prevent their
recombination. Smaller particles reduce the distance between the photoexcited carriers and the
BiFeOs/dye interface, which in turn lowers the recombination rate of holes and electrons [41, 42].
Consequently, the enhanced photocatalytic performance of BFO synthesized via the ultrasonication-
assisted sol-gel method can be attributed to the smaller grain size and altered morphology, which
facilitate improved charge separation and transport at the BiFeOs/dye interface.

Conclusions

Our study provides a thorough characterization of BiFeOs; (BFO) synthesized via the
ultrasonication-assisted sol-gel method, employing a multi-technique approach. Rietveld
refinement of XRD data, in conjunction with SEM analysis and particle size determination,
confirms the single-phase formation, nanocrystalline structure, and uniform grain distribution of
the material, offering valuable insights into its structural and morphological properties. FTIR
analysis reveals the presence of metal oxide bonds and functional groups, supporting phase
formation, while RAMAN spectroscopy identifies key molecular interactions and active Raman
modes, particularly those associated with Bi-O and Fe-O bonds. The optical properties indicate a
direct bandgap of 2.216 eV. Notably, the photocatalytic performance of the synthesized BFO was
evaluated through methylene blue (MB) degradation, demonstrating remarkable efficiency with
nearly 98% dye degradation without requiring additional reagents. This comprehensive
characterization highlights the potential of the ultrasonication-assisted sol-gel method for
producing BFO with excellent structural, morphological, and photocatalytic properties, paving
the way for its application in environmental remediation and energy conversion processes.
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