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Abstract: Tetracycline pollution poses an increasing global threat to both aquatic and terrestrial biodiversity due to its
extensive use in aquaculture, livestock farming, and human disease prevention. In this study, pure-phase BiFeO, was
synthesized using the hydrothermal method. Various characterization techniques, including X-ray diffraction (XRD),
scanning electron microscopy (SEM), and X-ray photoelectron spectroscopy (XPS), were employed to analyze the
material’s crystal structure, surface morphology, and electron valence states. A 120-minute photocatalytic degradation
experiment on tetracycline (TC) demonstrated that the pure-phase BiFeO, achieved a degradation efficiency of
approximately 27%. The primary degradation mechanism was attributed to the generation of *OH (hydroxyl radicals)
during the photocatalytic reaction, with h™ (holes) playing a synergistic role. The energy band structure and photocatalytic
mechanism of pure-phase BiFeO, were further analyzed using Ultraviolet-visible spectroscopy (UV-VIS-DRS). Cycling
tests indicated that pure-phase BiFeO, maintained chemical stability, highlighting its potential for large-scale applications.
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1. Introduction

Tetracycline (TC), a widely used synthetic antibiotic, is commonly employed in treating various diseases in
both humans and animals. While they effectively inhibit protein synthesis in bacteria, their widespread use has
led to significant environmental pollution "), Among various treatment methods such as Fenton processes,
ozonation, UV photolysis, and sonolysis, advanced oxidation processes (AOPs) have been developed to address
the inefficiency of conventional methods in removing TC antibiotics from wastewater ©*. Among AOPs,
photocatalysis stands out due to its strong redox ability, low cost, long durability, and resistance to adsorption

saturation. These attributes make it a promising solution for scalable wastewater treatment aimed at degrading
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micropollutants, and producing low toxic intermediates . Commonly used photocatalysts like TiO, have
limitations, including low efficiency under visible light and rapid recombination of photon-generated electron-hole
pairs, which reduce their effectiveness in practical applications .

Bismuth ferrite (BiFeO;, BFO) has emerged as a highly promising photocatalyst for the degradation of
tetracycline (TC) due to its unique properties. Unlike TiO,, which primarily responds to ultraviolet light due
to its wider bandgap, BiFeO, exhibits a narrow bandgap (2.0-2.6 eV), enabling it to harness visible light and
greatly enhancing solar light absorption efficiency. This makes BiFeO, particularly advantageous for real-world
applications where visible light constitutes a significant portion of the solar spectrum. Additionally, the distortion
of the lone-pair Bi 6s orbitals in these bismuth-based complex oxides facilitates the overlap between the O 2p and
Bi 6s orbitals in the valence band, enhancing the migration of photon-induced charges and significantly improving
photocatalytic efficiency. Numerous studies have demonstrated the visible light-driven photocatalytic activity of

BiFeO, in the degradation of organic pollutants * .

2. Experimental section

2.1. Preparation of pure-phase BiFeO3

To prepare pure-phase BiFeO,, different samples were synthesized using the hydrothermal method: First, 5
mmol of Bi(NO;);-5H,0 and 5 mmol of Fe(NO,),-9H,0O (1:1 stoichiometric ratio) were added to the inner liner
of a 25 ml hydrothermal reactor. Then, 18 ml of 8 mol/L KOH solution was added, and the mixture was stirred
magnetically for 30 minutes. The reactor was sealed tightly and placed in an oven at 180°C for 6 hours, with a
ramp-up time of 80 minutes and a cooling time of 800 minutes (heating rate of 2°C/min and cooling rate of 0.20°C/
min). After the reaction, the product was filtered and washed three times with deionized water and anhydrous
ethanol and then dried naturally. This material was named BFO-1. Similarly, 2.5 mmol of Bi(NO;),-5H,0O and 2.5
mmol of Fe(NO;);-9H,0 (1:1 stoichiometric ratio) were added to the inner liner of a 25 ml hydrothermal reactor.
The same procedure was followed, with the addition of 18 ml of 8§ mol/L KOH solution, magnetic stirring for
30 minutes, sealing, and heating in an oven at 180°C for 6 hours. The product was filtered, washed, and dried as
previously described, resulting in the material named BFO-2. In another variation, 5 mmol of Bi(NO,),-5H,0O and
5 mmol of Fe(NO,),"9H,0 (1:1 stoichiometric ratio) were used with 18 ml of 6 mol/L KOH solution. The same
hydrothermal procedure was followed, and the final product, after filtering, washing, and natural drying, was
named BFO-3.

2.2. Characterization

X-ray diffraction (XRD) was performed with a Bruker D8 Advance diffractometer, utilizing Cu Ka radiation (A =
1.5406 A) to determine the crystal structure. The morphologies of the photocatalysts were analyzed using scanning
electron microscopy (SEM) with a JEOL-7800F ZEISS and high-angle annular dark-field scanning transmission
electron microscopy (HAADF-STEM), along with X-ray energy dispersive spectroscopy (EDX) for elemental
mapping using a JEOL-2100F. The surface composition and oxidation states of the samples were analyzed via X-ray
photoelectron spectroscopy (XPS) with an ESCALAB 250XI instrument. UV—vis diffuse reflectance spectra were
recorded in the range of 200-800 nm using a Hitachi UH4150 spectrophotometer.

2.3. Photocatalytic performance test

The photocatalytic reaction was conducted in a quartz vessel using a 300 W xenon lamp equipped with a 420 nm
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cut-off filter to block UV light. The vertical distance between the lamp and the reaction vessel was maintained at
15 cm. To prevent thermal effects on the results, the quartz vessel was cooled by circulating water, ensuring the
temperature remained at room temperature. During the photocatalytic process, 50 mL of a tetracycline solution
with a concentration of 20 mg/L was introduced into the quartz vessel, followed by the addition of 20 mg of
catalyst powder. Continuous magnetic stirring was applied to ensure uniform dispersion of the catalyst in the
solution. Before initiating the reaction, the mixture was stirred in the dark for 30 minutes to achieve adsorption-
desorption equilibrium between the catalyst and the tetracycline molecules. Subsequently, 3 mL samples were
collected at 30-minute intervals under light irradiation. The catalyst powder was separated from the solution
using high-speed centrifugation. The absorption spectra of the collected samples were recorded using a UV-2450
spectrophotometer over the wavelength range of 200-800 nm. The degradation rate was calculated using the

following formulas .

Degradation(%)= (C, -C, /C, )*100%=(A, -A, /A, )*100% (1)
In(C, /C, ) = - kt ()

Where C, denotes the initial concentration of tetracycline, C, represents the real-time concentration, A,
indicates the initial absorbance, A, is the absorbance at the time of measurement, and K stands for the rate constant.

3. Results and discussion

3.1. XRD analysis

As is shown in Figure 1, the XRD pattern of sample BFO-1 matches well with the standard data from JCPDS
Card No.86-1518, confirming a rhombohedral perovskite structure belonging to the R3¢ space group "*'". All
diffraction peaks of BFO-1 correspond to the standard card, with peaks at 20 = 22.41°, 31.75°, 32.07°, 38.95°,
39.48°, 45.75°, 51.31°, and 51.74° corresponding to the (012), (104), (110), (006), (202), (024), (116), and (122)
crystal planes, respectively. No secondary or heterogeneous phase diffraction peaks were observed ' 2.
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Figure 1. XRD diffraction pattern of pure-phase BiFeO, prepared under different conditions compared to the standard
card: (a) BFO-1 (b) BFO-2 (c) BFO-3
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3.2. SEM analysis
Figures 2(a) and (b) show the hydrothermally synthesized sample BFO-1, which exhibits an average diameter
of approximately 50 um when subjected to a reaction temperature of 180°C. The surface morphology consists of

uniformly distributed spherical particles clustered together, revealing lamellar accumulation as depicted in Figures
[13-14]

2(c) and (d). This observation is consistent with previous reports in the literature

Figure 2. SEM image of BFO-1

3.3. XPS analysis

The XPS spectra in Figure 3(a) reveal the electronic valence states of Bi, Fe, and O in sample BFO-1. In Figure
3(b), two peaks of Bi4f at 163.88 eV and 158.58 eV correspond to Bi4f;, and Bi4f,,, respectively. The spin-
orbit splitting energy of Bi4f is calculated to be 5.30 eV, which is consistent with well-documented values in the
literature for the Bi*" valence state, typically around 5.3 eV, thereby providing strong evidence for the presence of
Bi’" in BiFeO, """, In Figure 3(c), the electron binding energies of Fe2p,,, and Fe2p,, are observed at 724.14 eV
and 710.46 eV, respectively, with a satellite peak at 712.54 eV. The spin-orbit splitting energy of Fe2p is 13.68 eV,

indicating the presence of Fe in the Fe’* valence state "'
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Figure 3. (a) XPS full spectrum of BFO-1 (b) Bi4f (c) Fe2p (d) Ols
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Figure 3(d) shows three peaks in the Ols spectrum with electron binding energies at 532.76 eV, 531.14 ¢V,
and 529.28 eV, corresponding to surface-adsorbed oxygen, lattice oxygen, and metal-oxygen bonds, respectively '’
The presence of surface-adsorbed oxygen indicates the generation of oxygen vacancies, which favor the adsorption
of tetracycline molecules. This not only reduces the electron-hole pair recombination rate but also facilitates the

separation and transfer of photogenerated carriers, thereby enhancing photocatalytic and quantum efficiencies """

3.4. Evaluation of photocatalytic degradation performance of tetracycline

Figure 4(a) presents the absorption spectra of the tested tetracycline (TC) solutions, monitored using the UV-
2450 spectrophotometer to assess photocatalytic degradation. Notably, the maximum absorbance corresponding
to the 357 nm wavelength of the TC decreases during the photocatalytic process. Typically, tetracyclines exhibit
strong absorption in the ultraviolet-visible (UV-Vis) range, particularly around 275-280 nm, which is associated
with the benzene ring structure, and 350-360 nm, linked to the naphthalene ring and conjugated double bonds.
During photocatalytic degradation, these absorption peaks diminish as tetracyclines are broken down into smaller,
non-absorbing compounds. This decline indicates a steady reduction in tetracycline concentration, suggesting
that active species such as hydroxyl radicals (*OH) and holes (h*) played a crucial role in effectively degrading
the tetracycline solution. The degradation rate was calculated to be approximately 27% after 120 minutes of
photocatalysis, using Equations 1 and 2 as shown in Figure 4(b).
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Figure 4. (a) BFO-1 degradation of tetracycline solution(b) BFO-1 degradation rate

3.5. Proposed mechanism of photocatalysis

Figure 5(a) shows the UV-VIS-DRS spectrum of the BFO-1 sample, which exhibits a broad absorption range
within the visible wavelength spectrum, with the largest visible wave absorption edge at 530 nm. This expanded
absorption spectrum suggests that BFO-1 can effectively absorb and respond to various wavelengths, indicating
a robust photon absorption capability. This makes it more readily excited by light, resulting in the generation of
a significant number of photogenerated electron-hole pairs, which could enhance its photocatalytic degradation
efficiency """ The bandgap of the semiconductor material can be estimated using the equation (ahv)" = A(hv-
Eg), where a represents the absorption coefficient, h signifies Planck’s constant, v denotes the frequency of the

absorbed photons, Eg refers to the bandgap value of the semiconductor, A is a constant, and n is a coefficient that
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correlates with the semiconductor’s characteristics (2 for direct bandgap semiconductors and 1/2 for indirect ones).
Therefore, according to Figure 5(b), the bandgap value (Eg) of the BFO-1 sample is determined at about 2.34 eV.
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Figure 5. (a) UV-VIS-DRS plot of BFO-1 (b) Bandgap diagram of Tauc curve of BFO-1

X is the absolute electronegativity of BiFeO; semiconductors is about 5.89 eV, and Ee is the free electron
energy of 4.5 eV on the atomic scale of H. According to Equations 3 and 4, E,, = 2.56 eV, E¢; = 0.22 eV P!,
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Figure 6. Energy band structure and photocatalytic mechanism of BFO-1
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4. Conclusion

In this study, pure-phase BiFeO, was successfully synthesized using a simple hydrothermal method at 180°C. The

synthesized material exhibited an agglomerated spherical morphology. The UV-VIS-DRS spectrum revealed that

the energy bandgap of the synthesized BFO-1 was approximately 2.34 eV. Photocatalytic degradation experiments

demonstrated that BFO-1 achieved a degradation efficiency of around 27% for tetracycline (TC) after 120 minutes,

The primary active species responsible for TC degradation were *OH radicals, with h* playing a synergistic role.
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