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A B S T R A C T

The removal of antibiotic residues from drinking water is critical for public health to prevent long-term toxi
cological effects on humans and aquatic ecosystems. Spinel oxides are widely recognized as effective photo
catalysts for their removal from water by photodegradation. In this work, we synthesized 1, 3, and 5% yttrium- 
doped ZnBi2O4 spinel oxides for the removal of levofloxacin (LVF) from water. The photocatalytic degradation of 
LVF under sunlight reached a maximum of 98.5% compared to 70.6% exhibited by the undoped ZnBi2O4 in 
120 min for the 3% Y-doped ZnBi2O4 (YZBO-3), along with high TOC reduction. The Y3 +-doping created defects 
in the ZnBi2O4 lattice, creating oxygen vacancies and decreasing the band gap. The enhanced photodegradation 
exhibited by YZBO-3 compared to the undoped ZnBi2O4 can be attributed to improved charge separation, dopant 
solubility effects, and an increase in visible light absorption as suggested by XRD, Raman, and optical analyses. 
The results of radical trapping experiments indicate that hydroxyl (•OH) and superoxide anion (•O2

− ) radicals 
play a crucial role in the photodegradation of LVF. The reusability and stability of the photocatalyst were 
assessed for five cycles, and the reduction in photodegradation efficiency was quite small after five cycles of 
recycling and reuse.

1. Introduction

The contamination of potable water by pharmaceutical waste is a 
serious concern as it can have unprecedented detrimental effects on 
human health [1,2]. There is already a shortage of drinking water in 
various parts of the world, and pollution of water can further worsen the 
situation. Many toxic compounds, such as metal ions, dyes, pharma
ceuticals, and especially antibiotics originating from urban and indus
trial wastewater, may end up in water sources, polluting freshwater 
ecosystems [3,4]. A huge range of antibiotics is used for the treatment of 
a variety of diseases, and a portion of those unmetabolized drugs ends up 
in the environment through urine and feces, posing serious risks to 
ecosystems [5]. Fluoroquinolone-based antibiotics, such as levofloxacin 
(LVF), are frequently detected in the aquatic environment [6]. Current 
antibiotic removal technologies may include adsorption [7], 
microalgae-mediated technologies [8], biological treatment [9], 

membrane separation [10], and advanced oxidation processes (AOPs) 
[11]. While the AOP-based processes are highly effective in degrading 
antibiotics, they have a high operational cost. The other methods often 
suffer from drawbacks, such as incomplete or no degradation, removal 
process is very slow, and poor removal. In contrast, photocatalytic 
degradation offers advantages such as high degradation efficiency, 
eco-friendliness, and the capability of complete mineralization [12,13]. 
Photocatalysts harness light to trigger or accelerate chemical reactions 
without being consumed in the process, and therefore, they can be 
recycled and reused many times.

The sunlight-activated photocatalysts have a narrow band gap to 
absorb a broader spectrum of solar radiation compared to the UV- 
activated photocatalysts, minimizing the cost and the safety of the 
treatment [14]. While polyoxometalate photocatalysts offer excellent 
redox flexibility and strong Brønsted acidity, they have extremely low 
surface areas, limiting access to active sites; high solubility in polar 
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solvents makes their recycling difficult, and they also show hydrolytic 
instability in strongly alkaline conditions [15]. Recently, spinel-type 
metal oxides with the general formula AB2O4 have drawn attention 
due to their high stability, ease of synthesis, and efficient photocatalytic 
activity [16,17]. Within this class, ZnBi2O4 has emerged as a promising 
photocatalyst due to its chemical stability, high photocurrent density, 
and band gap, which typically ranges from 2.78 eV to 2.87 eV, making it 
highly effective at absorbing visible light. It has been applied in diverse 
photocatalytic processes, including CO2 reduction, hydrogen produc
tion, and the removal of dyes and drugs from water [18,19]. However, it 
suffers from low efficiency, which can be greatly improved by the 
incorporation of rare-earth metal dopants, heterojunction design, and 
the introduction of atomic-level structural imperfections by increasing 
oxygen vacancies [20,21]. Recently published research shows that 
europium and samarium-doped ZnBi2O4 exhibited enhanced charge 
separation, wider-spectrum light absorption, and higher photocatalytic 
activity under solar irradiation for the photodegradation of levofloxacin 
and moxifloxacin, respectively [22,23]. Doping also creates oxygen 
vacancies, which act as active sites and increase reaction molecule 
adsorption in many instances [24]. Rare-earth elements, especially 
yttrium, have attracted attention because of their unusual electronic 
configurations and capability to provide locally localized f-orbital states 
that can assist in the trapping of charge carriers and extend the life of 
photogenerated electrons and holes [25]. For example, yttrium, with its 
large ionic radius, ability to induce lattice distortion, and strong electron 
trapping ability, has shown beneficial effects in several spinel ferrite 
catalysts, including MnFe2O4 [27] and Mg0.6Zn0.4YxFe2-xO4 [28]. Simi
larly, Y3+ doping into the ZnBi2O4 structure might cause lattice distor
tion as the ionic radius of Y3+ is larger than that of Zn2+ and Bi3+, 
leading to the generation of oxygen vacancies and overcoming the ef
ficiency limitations of pure ZnBi2O4 [26]. Moreover, Y3+-doped ZnBi2O4 
was not reported for the photodegradation of LVF under sunlight irra
diation. In this study, we synthesized yttrium-doped zinc bismuth spinel 
oxide via a hydrothermal route with varying yttrium concentrations 
(such as 1%, 3, and 5 mol%). The influence of yttrium substitution for 
Bi3+ on structural, morphological, magnetic, and photocatalytic prop
erties was systematically investigated, with particular focus on anti
biotic degradation under sunlight.

2. Materials and methods

2.1. Materials

Bismuth nitrate pentahydrate [Bi(NO3)3•5H2O, 98% purity] from 
UniChem (China), zinc nitrate hexahydrate [Zn(NO3)2•6 H2O, 98% 
purity], yttrium nitrate hexahydrate [Y(NO3)3•6 H2O, 99.8% purity], 
Sodium hydroxide (NaOH, 97.0% purity), and nitric acid (HNO3, 70% 
purity) were purchased from Sigma-Aldrich (USA). Levofloxacin hemi
hydrate was procured from T.N. Pharmaceuticals Pvt. Ltd. (Pakistan). 
All chemicals used in this work were as-received.

2.2. Synthesis of Y-doped ZnBi2O4 (YZBO)

Pure ZnBi2O4 (ZBO) and 1, 3, 5% yttrium (Y3+) doped ZnBi2O4 
(YZBO) were synthesized by the hydrothermal method. A required 
amount of Bi(NO3)3•5 H2O was dissolved in 25 mL deionized water to 
prepare a 5 mmol solution, and dropwise, 3 M nitric acid was added to it 
until complete dissolution of all the chemicals was achieved and a 
transparent solution was formed. A stoichiometric amount of zinc ni
trate was added to 25 mL of water to prepare a 2.5 mmol solution. It was 
added to the bismuth nitrate solution, and the mixture was stirred for 
1 h. After 60 min of stirring, for 1, 3, and 5% doping of Y, a stoichio
metric amount of yttrium nitrate (Zn1− xBi2− 2xY3xO4, x = 0.01, 0.03, and 
0.05) solution was added to it, and stirring was continued for a further 
30 min. The pH of the above solution was adjusted to 9–10 using 0.1 N 
NaOH solution to promote uniform nucleation during the hydrothermal 

process, and this mixture was then transferred to a 100-mL autoclave 
and heated at 180 ℃ for 14 h for hydrothermal treatment. After which, 
the autoclave was cooled down to room temperature, and the YZBO was 
recovered through filtration using Whatman filter paper. Y³ ⁺ is likely 
incorporated into the ZnBi2O4 lattice by substitution at Bi³ ⁺ sites. The 
difference in ionic radius introduces lattice distortion and promotes the 
formation of oxygen vacancies to maintain charge neutrality. The pre
pared catalyst was washed several times with distilled water and finally 
with ethanol, and the final product was dried at 90 ℃ in an oven for 5 h. 
The obtained product was crushed into fine powder by using a pestle and 
a mortar, and then these powders were calcined at 500 ℃ for 4 h at the 
rate of 5 ℃/min. The calcination temperature of 500 ◦C was selected 
based on preliminary optimization and literature reports on ZnBi2O4 
synthesis. This temperature is sufficient to promote crystallization of the 
spinel phase and remove residual nitrate species while minimizing 
excessive particle growth and agglomeration. The schematic illustration 
of the hydrothermal synthesis of Y-doped ZnBi2O4 is presented in Fig. 1.

2.3. Characterizations

The X-ray diffractometer (XRD) patterns of ZBO and various YZBO 
photocatalysts were recorded using a Bruker Powder X-ray diffractom
eter (XRD, Model: AXS D8 Advance, Bruker Corporation, Germany) 
using Cu Kα (40 kV, 30 mA) as the radiation source and NaI as the de
tector (scanning speed was 0.012◦/s, 2θ from 20 ◦ to 80 ◦ by 0.012◦/s). 
The catalysts were also characterized by Fourier transform infrared 
(FTIR) spectrometry using a JASCO FTIR (Model: NRS- 4100, Jasco In
ternational Co., Ltd., Japan). The elemental analysis of the prepared 
catalyst was conducted by a Hitachi scanning electron microscope (SEM, 
Model S3000N, Hitachi Corporation, Japan) fitted with a Bruker EDX 
detector. The UV–vis spectra of the synthesized photocatalyst were 
recorded on a Shimadzu UV-Vis spectrometer (Model: UV 1860, Shi
madzu Corporation, Japan) from wavelengths of 200–800 nm.

2.4. Photocatalytic degradation of LVF

The photocatalytic performance of pure and Y-doped ZnBi2O4 was 
studied by conducting photocatalytic degradation of LVF under sunlight 
on 12th May 2025 (11:00 AM) on a sunny day at Lahore, Pakistan 
(31.428◦N latitude, 74.241◦E longitude) with peak hot day temperature 
38–42 ◦C. The intensity of solar irradiance was not directly measured 
using a pyranometer. According to the local meteorological department, 
the sunlight intensity at that time was 0.79–0.95 kW/m2. The photo
catalytic degradation of LVF by Y-doped ZnBi2O4 under sunlight is 
illustrated by a schematic diagram in Fig. 2. For the photodegradation 
study, 100 mL aqueous solution of LVF with an initial concentration of 
5 ppm was taken in a round-bottom flask, and 0.3 g/L ZBO or YZBO was 
added to it under magnetic stirring. The suspension was kept under dark 
conditions for 15 min to obtain adsorption-desorption equilibrium and 
also to measure the removal of LVF by adsorption rather than by pho
tocatalytic degradation. The concentration of LVF was measured, and 
this concentration was considered the concentration at zero time for 
photocatalytic degradation. The LVF solution was then exposed to 
sunlight, and a 3–4 mL aliquot was collected from the reaction mixture 
after specified intervals. The concentration of LVF in solution was 
measured immediately at 278 nm using UV-Visible spectroscopy. All 
experiments were conducted under identical environmental conditions 
to ensure consistency of results, and the reported values represent the 
average of three independent measurements with corresponding stan
dard deviations.

The role of the free radicals in the process of photocatalytic degra
dation was also determined by conducting free radical scavenger tests. 
The scavengers assessed were isopropyl alcohol (IPA), para-benzoqui
none (p-BQ), Silver nitrate (AgNO3), and EDTA, which were used for the 
scavenging of hydroxyl (•OH), superoxide (•O2

- ), electrons (e-), and 
holes (h+), respectively. The stability of the photocatalyst was 
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determined by using the same method for five cycles. The mineralization 
of LVF photodegraded by various YZBO photocatalysts under sunlight 
for 120 min was measured by a total organic carbon (TOC) analyzer 
(Model: TOC-LCSH/CPH, Shimadzu Corporation, Japan).

3. Results and discussion

3.1. Structural analysis

The XRD analysis of the pure and Y-doped zinc bismuth oxide sam
ples was performed for structural and phase analysis with a scanning 
speed of 0.012◦/s in the 2θ range of 20.00 ◦ to 80.00 ◦. In Fig. 3(a), the 
XRD pattern of YZBO− 0 showed the diffraction peaks at 2θ = 27.87, 

Fig. 1. Schematic illustration of hydrothermal synthesis of Y-doped ZnBi2O4.

Fig. 2. Schematic diagram of photodegradation of LVF.

Fig. 3. XRD patterns of pure ZBO and Y-doped ZBOs (a), and shift of the major peak due to doping (b).
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30.92, 33.17, 45.91, and 52.92 ◦ corresponding to the (201), (002), 
(220), (321), and (322) planes of the tetragonal crystal, which matched 
with JCPDs 00–043–0449. The observed peak shifts and changes in in
tensity observed for the Y-doped ZBOs (YZBO− 1, YZBO− 3, and 
YZBO− 5) indicate lattice distortion induced by yttrium incorporation. 
The maximum shift of the major peak was observed for YZBO− 3. These 
changes are attributed to differences in ionic radius and local structural 
rearrangements. Similar structural modifications have been reported in 
ZnBi2O4 and related spinel oxide systems in published articles, where 
doping and defect engineering induce lattice distortion and phase evo
lution [22]. In Fig. 3(b), a slight shift of the major peak toward lower 2θ 
values was observed compared with the pristine ZnBi2O4, indicating an 
expansion, which can be attributed to the doping of Y3+ ions. The system 
is then reorganized to reduce this strain, and this leads to stabilization of 
a more symmetric cubic phase. The observed structural and optical 
modifications may be associated with defect formation, including 
possible oxygen vacancies, which increase the phase change to trans
form the defect chemistry and lower the lattice energy. This kind of 
transformation increases charge carrier mobility and photocatalytic 
activity by inhibiting electron-hole recombination [29]. The structural 
parameters of YZBO− 0 and doped materials were determined from the 
XRD data using the Scherrer formula and the Williamson–Hall method 
as given in Table 1. The broadening of diffraction peaks, Full Width at 
Half Maximum (FWHM), was analyzed to estimate the average crystal
lite size (D), microstrain (ε), and dislocation density (δ), which provide 
insight into the lattice distortion and crystallinity of the prepared sam
ples. The narrower the FWHM, the larger the crystallite size and the 
fewer defects (higher crystallinity). On the other hand, the broader the 
FWHM, the smaller the crystallite size, the more strain or disorder. The 
average crystallite size was calculated using the Scherrer equation: 

D =
Kλ

β cos θ
(1) 

where D, K, ƛ, and ß are the average crystallite size (nm), Scherrer 
constant, the X-ray wavelength, and FWHM, respectively. This equation 
allows the measurement of the apparent crystallite size, assuming that 
peak broadening originated primarily from small crystal domains. To 
distinguish between the effects of crystallite size and lattice strain on 
peak broadening, the Williamson-Hall (W-H) equation was applied: 

β cos θ =
Kλ
D

+ 4εsinθ (2) 

Here, the plot of ßcosθ versus 4sinθ gives a straight line, where the 
intercept corresponds to Kλ/D (used to calculate D), and the slope gives 
the microstrain (ε). The dislocation density, representing the amount of 
lattice imperfection, was estimated from the crystallite size using the 
relation: 

δ =
1
D2 (3) 

The introduction of yttrium (Y3+) into the zinc bismuthate (ZnBi2O4) 
lattice, typically forming a ZnBi2-xYxO4 (or similar) spinel structure, acts 
as a structural modifier by substituting for bismuth or zinc, resulting in 
modifications such as lattice distortion, alteration of crystallite size, and 
the creation of defects. The microstrain of Y-doped ZnBi2O4 dropped to 

near-zero for YZBO− 1 and YZBO− 3, indicating relaxation of lattices and 
passivation of defects. However, for YZBO− 5, a weak positive strain has 
re-emerged because of the saturation of the dopant sites. The increase in 
microstrain observed after yttrium doping indicates the introduction of 
lattice distortion and local structural disorder, which may arise from 
differences in ionic size and local coordination environments. The 
density of dislocation is inversely proportional to the square size of 
crystallites, which reduces with a low degree of Y-doping, then increases 
with further increase of doping. The moderate crystallite size and a 
highly ordered, stress-free crystal lattice with high crystallinity and 
larger crystalline domains (YZBO− 3) provide the most optimal structure 
towards photocatalytic activity. A minor secondary phase observed in 
the YZBO− 5 sample may be attributed to excess yttrium incorporation, 
suggesting that higher doping levels approach the solubility limit within 
the ZnBi2O4 lattice. The calculated values of structural parameters of 
ZnBi2O4 with various levels of Y dopant are given in Table 1.

The FTIR spectral analysis is a useful technique to determine the 
bond vibrations among the molecules, which confirms the successful 
synthesis of a material. The FTIR spectrum of ZBO (YZBO− 0) shows a 
wide absorption band at 3450 cm− 1 associated with the stretching vi
brations of the O–H groups of water molecules adsorbed onto the surface 
of ZBO [30], as shown in Fig. 4(a). It also shows characteristic IR bands 
at 440, 548, 995, 1330, and 2950 cm− 1, and they are associated with 
ZnO of the tetrahedral (ZnO4) units within the ZnBi2O4 catalyst struc
ture, Bi–O bond vibrations, tetragonal spinel structure, impurities (e.g., 
NO3

- /CO3
2-), and C–H stretching vibrations of CH3 or CH2, respectively 

[31–33]. The weak band at around 2350 cm− 1 can also be associated 
with atmospheric CO2 [31]. On the other hand, YZBOs also show very 
similar IR bands at 424, 570, 1420, 2350, 2940, and 3410 cm− 1, but 
their position considerably changed, and the band intensity decreased 
with an increase in Y-doping, indicating Y-doping caused modification 
of the ZBO spinel structure, inducing lattice distortion. The IR band at 
570 cm− 1 of the spectrum of YZBO− 1 almost disappeared with an in
crease in Y-doping. In the case of Y-doped ZnBi2O4, a new band was 
formed at 850–860 cm− 1, which can be attributed to the symmetric or 
asymmetric stretching vibrations of Bi–O–Bi bonds within the tetragonal 
structure of ZnBi2O4 [34]. The observed shifts in FTIR bands and 
changes in peak intensity suggest modifications in the local bonding 
environment following yttrium addition. These observations are 
consistent with structural changes induced by doping. However, FTIR 
alone cannot provide direct confirmation of yttrium incorporation into 
the ZnBi2O4 lattice.

The Raman spectroscopic analysis was utilized to explain the struc
tural characteristics and phase evolution of pure ZnBi2O4 and Y3+-doped 
ZnBi2O4 [35,36]. The Raman spectra of ZBO and YZBOs are presented in 
Fig. 4(b). While Raman spectra for pure ZBO can feature multiple peaks 
between 100 and 1000 cm− 1, the characteristic of the crystalline lattice 
vibrational mode in the stoichiometric ZnBi2O4 material and the 
vibrational mode of the Bi-O bonds can be clearly observed at 123 and 
160 cm− 1 [35]. On the other hand, Y-doped ZnBi2O4 (YZBOs) show new 
bands at 354 and 458 cm− 1 with high intensity, which are generally 
associated with the low-frequency lattice vibrations or internal bending 
modes, and vibrational modes of Y–O within the tetragonal structure of 
ZBO, respectively, suggesting some Bi ions were replaced with Y ions 
and became part of ZBO [36,37]. 1 and 5 mol% Y-doping produced 
wider and low–intensity Y–O bands, causing substantial distortion of the 
ZBO structure and creating defects. 3 mol% Y-doping caused the Y–O 
bond-associated bands to narrow along with a substantial increase in 
FWHM, suggesting less lattice distortion, higher crystallinity, and effi
cient charge separation at the interface compared to other YZBOs.

3.2. Optical properties

Direct migration of an electron in the valence band (VB) to the 
conduction band (CB) is most visually represented by absorption bands. 
The band gap between valence and conduction bands was measured 

Table 1 
Structural parameters such as Crystallite size, microstrain, and dislocation 
density, calculated using XRD data.

Parameters YZBO− 0 YZBO− 1 YZBO− 3 YZBO− 5

Crystallite size (D) 
(nm)

43.32 41.08 51.49 54.29

Microstrain (ε) (με) 2.85 × 10− 3 4.79 × 10− 3 4.66 × 10− 3 4.64 × 10− 3

Dislocation density 
(δ) (nm− 2)

0.00053 0.00059 0.00038 0.00034
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using UV–vis spectroscopy in the range of 200–800 nm wavelength. 
Further, the influence of the doping of Y on the ZnBi2O4 on the optical 
band gap was observed by absorption spectra. Fig. 5(a) illustrates the 
UV-Vis absorbance spectra of YZBO− 1, YZBO− 3, and YZBO− 5, which 
showed absorption in the visible as well as the UV region, and a 

maximum absorption was noted in the range of 250–400 nm. However, 
a red shift (or bathochromic shift) of the absorbance peak was observed 
towards the visible light wavelength of the electromagnetic spectrum for 
the UV–visible spectrum of the 3% Y-doped ZnBi2O4. It indicates that the 
3% Y-doped ZnBi2O4 molecules are absorbing light at a lower energy 

Fig. 4. FTIR (a) and Raman (b) spectra of pure and Y-doped ZnBi2O4 (YZBO− 0, YZBO− 1, YZBO− 3, and YZBO− 5) showing characteristic vibrational bands cor
responding to metal–oxygen bonding and doping of yttrium, respectively.

Fig. 5. UV-Visible spectra (a), Tauc’s plot (b), and PL spectra (c) of synthesized YZBO− 0, YZBO− 1, YZBO− 3, and YZBO− 5 photocatalysts.
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frequency compared to the undoped ZnBi2O4, suggesting the reduction 
of its bandgap and enhancing its visible-light absorption capability [38]. 
The UV–vis absorption spectra of the doped spinel oxide samples 
revealed that when the concentration of the dopant increases, the ab
sorption capacity of the photocatalyst may decrease. This gives insight 
into efficient light-harvesting for 3% Y-doped ZnBi2O4. The YZBO− 0, 
YZBO− 1, YZBO− 3, and YZBO− 5 exhibit a direct band gap of 2.73, 2.67, 
2.45, and 2.54 eV, respectively. The observed reduction in band gap 
upon yttrium doping can be

attributed to the introduction of defect states and oxygen vacancies 
within the band structure. The fact that 3% Y doping leads to a reduced 
band gap, and the reduction in bandgap energy observed after yttrium 
doping may be associated with modifications in the electronic structure 
and the possible introduction of defect-related states. The optical band 
gap was estimated using Tauc’s method, assuming a direct allowed 
transition, which has been common for ZnBi2O4 and related spinel ox
ides. The linear extrapolation of (αhν)2 versus hν was used to determine 
the band gap energy.

αhν = A(hν -Eg)n                                                                            (4)

A is the proportionality constant, n is the photon frequency, which is 
2 for a direct band gap, and α is the absorption coefficient. Many studies 
have shown solid evidence of the reduction of the band gap energy with 
an increase in the doping concentration up to a specified limit [39]. 
After calculating the band gap (Eg) of Y-doped and undoped ZnBi2O4 
using Tauc’s plot from the intercept of the (αhv)2 vs hv curve presented in 
Fig. 5(b), we estimated the valence band (EVB) and conduction Band 
(ECB) edge positions using the Mulliken electronegativity and band gap 
data from the following formulas [40]:

ECB = χ – 0.5Eg                                                                              (5)

EVB = ECB + Eg                                                                              (6)

The band gap energy of the as-synthesized material was determined 
by using Tauc’s plot, as shown in Fig. 5(b).

The structure of a material has a significant impact on its optical 
properties, which explains the photocatalytic properties of the material 
due to its charge carrier transport efficiency. The efficiency of electron- 
hole pair separation can be estimated by photoluminescence spectros
copy (PL) [41]. The PL emission intensity is directly related to charge 
separation; larger PL peak intensities represent a decrease in charge 
separation efficiency, and lower peak intensity indicates the enlarged 
lifetime of charge separation. A high PL intensity indicates that a large 
amount of charge carriers is recombining unproductively, leading to 
poor catalytic performance, and a lower PL intensity indicates greater 
suppression of electron-hole recombination, leading to improved cata
lytic performance. As shown in Fig. 5(c), the 3% Y-doped ZnBi2O4 
sample (YZBO− 3) exhibited the lowest PL intensity, while the pure 
ZnBi2O4 material had the highest PL intensity. This suggests that rare 
earth ions improve the spatial charge separation efficiency through 
interfacial dipole interactions. The lower PL intensity observed for 
YZBO− 3 suggests a reduction in the recombination probability of pho
togenerated charge carriers. However, it should be noted that PL anal
ysis provides qualitative insight, and further time-resolved or 
quantitative studies would be required for precise evaluation of charge 
carrier dynamics. These optical characteristics, including band gap 
reduction and suppressed recombination, collectively contribute to the 
enhanced photocatalytic performance of the Y-doped ZnBi₂O₄ samples.

3.3. Morphological analysis

Surface morphologies of pure and Y-doped ZnBi2O4 (YZBO− 1, 
YZBO− 3, and YZBO− 5) were examined by scanning electron 

Fig. 6. SEM images illustrating the surface morphology of pure and Y-doped ZnBi₂O₄ (YZBO− 0, YZBO− 1, YZBO− 3, and YZBO− 5), highlighting the evolution of 
nanosheet structures with varying Y doping concentrations.
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microscopy, which is presented in Fig. 6. The SEM image of pure 
ZnBi2O4 showed a sheet-like morphology, while Y-doped ZnBi2O4 
showed an agglomerated particle structure with irregularly shaped 
particles. The sheets are closely piled up, and this

makes the inter-particle voids not so big. This type of compact 
morphology inhibits surface area as well as the availability of active sites 
and may limit the efficient adsorption of pollutants and accessibility of 
photocatalytic light during photocatalysis. The SEM image of YZBO− 3 
exhibits a clearly defined, homogeneous, and highly porous sheet-like 
morphology. The nanosheets are seen to be thinner and more uni
formly dispersed and in a loosely packed structure, which provides more 
roughness and exposes more reactive facets. The photocatalytic activity 
of such a network is extremely useful since it is an open and inter
connected network that enhances the efficiency of charge separation 
and diffusion of reactants and photons. For the photocatalyst YZBO− 5, 
morphology is more disordered and aggregated than that of YZBO− 3. Y 
seems to promote the aggregation of particles on over-doping, which 
results in low porosity and a lack of available active sites. SEM analysis 
reveals morphological variations upon yttrium doping; however, these 
observations provide qualitative insight only. The relationship between 
morphology and photocatalytic performance is indirect and should be 
interpreted in conjunction with other characterization techniques.

The elemental composition of ZBO and Y-doped ZnBi2O4 was 
analyzed by EDX spectroscopy, as presented in Fig. 7 (a-d). In all the 
samples, there were high peaks of Bi, Zn, and O, which proved that the 
formation of the ZnBi2O4 matrix had occurred. Each spectrum contained 
a weak, although distinct, Y signal (its intensity increased with an in
crease in Y%), which confirms the presence of yttrium along with Zn, Bi, 
and O; however, it does not provide direct evidence of its incorporation 
into the crystal lattice. In comparison, YZBO− 1 exhibited comparatively 
decreased Y incorporation, and YZBO− 5 had a better Bi signal with a 
minor decrease in Zn intensity, which indicates that there might be 
surface segregation or structural abnormality at the higher level of 
dopant. EDX analysis confirms the presence of Zn, Bi, O, and Y elements 
in the synthesized samples. The detection of yttrium indicates its suc
cessful introduction during synthesis; however, EDX alone cannot 
determine the exact location, distribution, or incorporation mechanism 
of the dopant within the crystal lattice.

The textural properties of the most active material, YZBO− 3, by 
nitrogen adsorption-desorption isotherm based on Brunauer-Emmett- 
Teller (BET), provide insights about the presence of a Type IV profile. 
A distinct hysteresis loop in the higher relative pressure confirms the 
formation of mesoporous material. The smaller hysteresis gap between 
adsorption and desorption further confirms the formation of well- 
defined mesoporous material with a uniform pore diameter. In Fig. 8, 
the obtained BET specific surface area was 8.80 m²/g, while the single 
point surface area was 7.81 m²/g. However, a relatively higher surface 
area, 16.18 m²/g, was found by the Langmuir adsorption model, which 
may be due to the formation of a monolayer on a homogeneous surface. 
The pore volume was calculated using the Barrett–Joyner–Halenda 
(BJH) method, and the total pore volume for YZBO− 3 was 0.0552 cm³ / 
g. The adsorption pore volume of 0.0564 cm³ g⁻¹ and desorption pore 
volume 0.0574 cm³ /g confirm the formation of a well-defined and 
stable pore structure. The average hole diameter obtained by the BET 
method is 25.09 nm, whereas 16.22–16.91 nm was calculated by the 
BJH method, confirming the formation of mesoporous material with an 
open pore network, which can be helpful for diffusion and the usability 
of active sites.

3.4. Photocatalytic performance

The degradation of LVF (5 ppm) was conducted for the Y-doped 
ZnBi2O4 nanomaterials under sunlight at a catalyst dose of 0.4 g/L to 
assess the photocatalytic performance of the synthesized undoped and 
doped ZnBi2O4. The time-dependent UV–visible absorption spectra 
presented in Fig. 9(a) show a gradual decrease in absorption peaks 
associated with LVF with an increase in the solar irradiation time, 
confirming the increase in degradation of LVF by various Y-doped 
ZnBi2O4 with time. The results suggest that the photocatalyst with 3% 
dopant (YZBO− 3) exhibited the highest degradation of LVF and the best 
photocatalytic performance. The degradation of LVF reached 98.5% 
after 120 min of solar irradiation, which is considerably higher than the 
LVF photodegradation shown by 3% europium-doped ZnBi2O4, which is 
93.4% [22]. As expected, the undoped ZnBi2O4 showed only 70.6% 
degradation of LVF. A suitable concentration of the dopant enhanced 
photocatalytic activity, which may be attributed to doping-induced 

Fig. 7. EDX spectra of YZBO− 0, YZBO− 1, YZBO− 3, and YZBO− 5 to confirm their elemental compositions.
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modifications in the host material, which can efficiently enhance the 
separation of photogenerated carriers and give more reactive sites. 
Moreover, the influence of the photocatalysts of various Y doping levels 
on the efficiency of LVF degradation was presented in Fig. 9(b). This is 
because a sufficient concentration of Y doping can add extra energy 
levels and change the electron transport mechanism. YZBO− 3 showed 
the highest degradation performance, as 3 mol% Y caused the highest 
disruption in the ZBO structure and increased. Hence, suppress the en
hancements of photocatalytic activity, which can be clearly observed 
with 5% doping (93.7%). The pure YZBO− 0 showed only 70.6% 
degradation, while YZBO− 1 exhibited 89.3% degradation after 
120 min. The optimal 3% doping demonstrates nearly complete removal 
of LVF, showing the best photocatalytic activity.

TOC analysis was performed to evaluate the extent of mineralization 
of LVF. Fig. 9(b) shows the TOC reduction of LVF by various YZBO 
photocatalysts, which is a direct indicator of mineralization; i.e., the 
higher the TOC reduction, the higher the mineralization of LVF. The 
results clearly show that the Y-doping into YZBO increased its TOC 
reduction efficiency. The undoped YZBO showed only 58.1% TOC 
reduction, but YZBO with 1% Y doping (YZBO− 1) exhibited 76.4% TOC 
reduction, i.e., a 31.5% increase in TOC reduction, which is quite sig
nificant. The highest TOC removal was exhibited by YZBO− 3, which 
was 81.3%, i.e., the increase in TOC reduction by YZBO− 3 was 39.3%.

3.5. Kinetic study

The pseudo-first-order model was selected because it provided a 
satisfactory fit to the experimental data and is commonly applied in 
photocatalytic degradation studies. Nevertheless, the evaluation of 
alternative kinetic models may provide additional mechanistic insight 
and should be considered in future investigations. The degradation ki
netics were analyzed using a pseudo-first-order model, expressed as Eq. 
(7):

-In(C/C0) = Kt                                                                              (7) 

where C0 and C represent the initial and time-dependent concen
trations of LVF, respectively, and k is the apparent rate constant. The 
rate constants were obtained from the slope of the linear regression plots 
of ln(C0/C) versus time. The photocatalytic degradation of LVF using Y- 
doped ZBO was studied using kinetic analysis as shown in Fig. 10(a-c). 
The reaction followed pseudo-first-order kinetics, as confirmed by high 
R2 values of 0.97–0.99. It should be noted that the pseudo-first-order 
model provides an empirical approximation of the degradation ki
netics and does not necessarily represent the true reaction mechanism. 
As shown in Fig. 10(d), the rate constant of pure YZBO− 0 was 
0.0091 min− 1, which increased to 0.0168 min− 1 for the YZBO− 1 pho
tocatalyst. The maximum rate constant (0.0345 min− 1) was exhibited by 
YZBO− 3 but further increase in Y-doping reduced the rate constant to 
0.0210 min− 1. The best performance was exhibited by the 3% doped 

Fig. 8. BET surface area (a) and BJH pore size distribution (b) of YZBO− 3.

Fig. 9. Time-dependent photocatalytic degradation of LVF by YZBO− 1 (a), and LVF degradation efficiency of YZBO with 0, 1, 3, and 5% Y-doping (b).
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ZnBi2O4. At the optimal doping concentration of 3%, lattice distortion 
narrows the band gap to 2.45 eV (UV–Vis), enhancing visible-light ab
sorption. The enhanced rate constant observed for YZBO− 3 may be 
associated with improved charge-carrier utilization and favorable 
structural and optical characteristics; however, direct confirmation 
would require complementary electrochemical and time-resolved spec
troscopic analyses. In contrast, 1% doping is inadequate for effective 
band gap modulation, while 5% doping introduces excessive disorder 
that widens the band gap. Thus, both lower and higher doping levels are 
unfavorable for optimal band gap tuning, consistent with the findings of 
others for the W-doped CuS systems [42]. This shows that at this level, 
yttrium-doping provides the most efficient separation of charges and 
more active sites for LVF degradation. The enhanced rate constant 
observed for YZBO− 3 may be associated with improved charge-carrier 
utilization and favorable structural and optical characteristics; howev
er, direct confirmation would require complementary electrochemical 
and time-resolved spectroscopic analyses.

The enhanced kinetic performance of YZBO− 3 may be attributed to 
improved charge separation and increased availability of active sites; 
however, these interpretations remain qualitative in the absence of 
direct electrochemical or time-resolved measurements. At 3% doping, 
the system generates beneficial shallow trap states (oxygen vacancies) 
that effectively suppress electron–hole recombination, consistent with 
the lowest PL intensity. In contrast, 5% doping exceeds the solubility 
limit, inducing deep trap states that act as recombination centers and 
degrade charge separation. A similar optimal charge separation fol
lowed by structural deterioration at higher doping has been reported by 
Elhadi et al. for the Sr-doped NiFe₂O₄ [43]. At 3% doping, dopant 

incorporation effectively inhibits crystal growth, promoting the forma
tion of porous nanosheet structures with enhanced surface area 
(SEM/BET). In contrast, 5% doping induces particle agglomeration due 
to excessive surface dopants blocking active sites and reducing surface 
accessibility. The enhanced kinetic performance of YZBO− 3 is also 
related to its structural and optical characteristics, such as lattice 
distortion (XRD), decreased band gap (UV-Vis), suppressed recombina
tion (PL), and increased surface area (BET), which can be seen to help in 
achieving more efficient photocatalytic activity.

3.6. Optimization of drug concentration and dose of catalyst

3.6.1. Effect of LVF concentration
The effect of an increase in LVF concentration on the photocatalytic 

degradation efficiency of LVF by the YZBO− 3 photocatalyst is presented 
in Fig. 11(a). As expected, the degradation of LVF decreased from 97.4% 
to 74.8% with an increase in LVF concentration from 2.5 to 10.0 ppm 
within 120 min of sunlight irradiation. The higher initial LVF concen
tration showed a negative impact on the photocatalytic degradation of 
LVF, primarily because it caused active site saturation on the catalyst 
surface, light shielding (screening) effects, and radical scavenging. As 
the number of LVF molecules increases, they outnumber the available 
surface sites of the photocatalyst where degradation occurs, leading to a 
decrease in the overall degradation efficiency. The increase in the LVF 
concentration increased the turbidity of the LVF solution, and possibly 
LVF molecules themselves absorbed or scattered the incident sunlight, 
obstructing the photons of light from reaching the catalyst surface, 
resulting in a decrease in the production of •OH and •O2

– radicals, 

Fig. 10. Pseudo first-order kinetic study (a-c) and rate constant evaluation (d) of LVF degradation by various photocatalysts.
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reducing the degradation of LVF. Moreover, increasing the concentra
tion of LVF produced intermediate degradation products, which might 
be adsorbed onto the catalyst surface, causing surface fouling of the 
catalyst and blocking further degradation. Considering the photo
degradation results, 5.0 ppm was found to be the optimum concentra
tion, which provided the highest degradation efficiency (98.5%). These 
results suggest that a very high LVF concentration is not favorable for 
maximizing LVF degradation.

3.6.2. Effect of catalyst dose
The effect of catalyst dose on the degradation of LVF was investi

gated using YZBO− 3 at five different doses, 0.1, 0.2, 0.3, and 0.4 g/L. 
The results are shown in Fig. 11(b), which shows that the degradation 
efficiency of LVF improved with an increase in the catalyst dose. 
Increasing the dose of catalysts results in a higher number of active sites 
and a higher density of catalyst particles in the illuminated area. 
Therefore, the photocatalytic capacity of the material is improved, 
resulting in faster decomposition [44]. However, if the catalyst content 
is continuously increased, it may lead to an excessive density of particles 
suspended in solution, which hinders light penetration and promotes the 
light scattering effect by preventing light absorption during the reaction, 
resulting in a decrease in catalytic activity. Consequently, further 
increasing the catalyst dosage (0.5 g/L) did not lead to an improvement 
in photocatalytic performance. Therefore, a dose of 0.4 g/L was optimal 

for the photodegradation of LVF in 120 min.

3.6.3. Influence of initial pH of drug solution
The initial pH value of the LVF solution plays a crucial role in acti

vating the photocatalyst. In this study, the effects of initial pH on the 
photodegradation of LVF over Y-doped ZnBi2O4 in Fig. 12(a-b) were 
investigated from pH 3–11. As shown in Fig. 12(a), the degradation 
efficiency was highly dependent on the solution pH. At pH 3, only 
40.1% degradation of LVF was observed, which gradually increased to 
79.0% at pH 5. A significant improvement was achieved in the neutral 
range, where the maximum degradation of 98.5% was achieved at pH 7. 
The improved performance observed at this pH may be associated with 
favorable interactions between the catalyst surface and levofloxacin 
species present under the experimental conditions; however, direct 
surface-charge measurements were not performed. A slight decrease was 
noted at pH 9, and a sharper drop occurred at pH 11. These results 
clearly indicate that neutral to weakly alkaline conditions are the most 
favorable for LVF degradation. Fig. 12(b) revealed that the point of zero 
charge (pHpzc) of the catalyst is around 7.8. Below this value, the pho
tocatalyst surface is positively charged, and it becomes negatively 
charged above pH 7.8. It is known that, as an amphoteric compound, 
LVF has two dissociation constants, 5.6–5.8 (pKa1) and 7.9–8.7 (pKa2), 
due to the presence of both an acidic and a basic functional group. This 
means that the surface of LVF molecules is cationic below pH 5.6, 

Fig. 11. Effect of initial concentration of LVF (a) and YZBO− 3 dosage (b) on the degradation efficiency of LVF.

Fig. 12. Effect of initial pH (a) on degradation efficiency and the optimized pH condition (b) for LVF degradation.
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anionic above pH 7.9, and neutral between pH 5.6 and 7.9 (Fig. 12b). On 
the other hand, the pHpzc of ZnBi2O4 is reported to be pH 7.8, i.e., the 
surface of the photocatalyst becomes positive below pH 7.8 and negative 
above pH 7.8 [45]. Hence, the electrostatic repulsion between LVF and 
YZBO− 3 was high at pH levels below 7 and above 7, causing very low 
adsorption of LVF onto the YZBO− 3 surface under those conditions due 
to their similar charge characteristics, resulting in poor degradation of 
LVF. On the other hand, the electrostatic repulsion between the surface 
of LVF and YZBO− 3 was the minimum at neutral pH, causing the 
maximum adsorption of the LVF onto the catalyst surface, allowing the 
attack of LV molecules by the active species of the catalysts, resulting in 
the highest degradation of the LVF. Therefore, the maximum degrada
tion of LVF occurred at pH 7.0, and it is the optimum pH for the pho
tocatalytic degradation of LVF by YZBO− 3 [46]. The influence of pH on 
photocatalytic activity may be explained by the variation of the surface 
charge of the catalyst and the ionization state of LVF, which determine 
adsorption and reaction efficiency.

3.6.4. Scavenging analysis
The proposed mechanism is based on indirect experimental evidence 

obtained from scavenger and optical studies. The study of the effect of 
various radical scavengers on the photocatalytic degradation of LVF can 
identify the primary active species involved in its photodegradation 
reaction with Y-doped ZnBi2O4 and help to understand the degradation 
mechanisms [47]. Typically, scavengers for hydroxyl radicals (•OH), 
superoxide radicals (•O2

- ), and photogenerated holes (h+) are used to 
selectively suppress the reactive species involved in the degradation 
process. In this work, isopropyl alcohol (IPA), silver nitrate (AgNO3), 
EDTA, and para-benzoquinone (p-BQ) were used to scavenge the •OH, 
•O2

- , electrons (e-), and h+, and the results are presented in Fig. 13(a).
The photodegradation efficiency of LVF by YZBO− 3 was 98.5% 

without the presence of any scavengers. However, the presence of 
various scavengers showed a significant effect on the photodegradation 
performance, negatively affecting the degradation efficiency. A moder
ate decrease in the degradation efficiency occurred in the case of AgNO3 
and EDTA, which inhibited the e-/h+ pairs and decreased the degrada
tion efficiency from 98.5% to 81.6% and 92.8%, respectively. In 
contrast, the presence of IPA and p-BQ had a significant effect on the 
photodegradation process and reduced the degradation efficiency from 
98.5% to 35.4 and 43.8%, respectively. The maximum reduction in 
degradation efficiency occurred when IPA was used as a scavenger. 
These results indicate that hydroxyl radicals and superoxide radicals 
play the primary role in the photodegradation of LVF by YZBO− 3, and 
photogenerated charge carriers (e-/h+) also play a role in the degrada
tion process. The presence of certain scavengers that inhibit photo
catalytic activity also indicates the mechanism behind the 

photodegradation. Fig. 13(b) shows the active part of OH and •O2
- in the 

degradation of LVF on the surface of photocatalyst YZBO− 3 under 
sunlight irradiation. The improved performance observed at this pH may 
be associated with favorable interactions between the catalyst surface 
and levofloxacin species present under the experimental conditions; 
however, direct surface-charge measurements were not performed.

3.7. Reusability

To determine the stability and the durability of the Y-doped ZnBi2O4 
nanoparticles, reusability experiments were conducted during five suc
cessive photocatalytic cycles in total, as shown in Fig. 14. The photo
catalyst was recovered, washed, and reused after every cycle under the 
same conditions. The degradation percentage was also extremely high in 
all experiments, with only a minor difference, which showed that the 
photocatalyst is highly stable and recyclable. The degradation efficiency 
of LVF was 98.5, 97.2, 95.9, 94.5, and 94.2% in the 1st, 2nd, 3rd, 4th, 
and 5th cycles, respectively. The photocatalytic efficiency was slightly 
reduced with an increase in the number of recycles., which can be 
explained by the possibility that part of the catalyst could be

lost after each cycle of recovery and purification by washing, fouling 
of the surface by the adsorption of intermediates formed by the degra
dation of LVF, or even slight structural or active site inactivation due to 
long contact with light. However, confirmation would require further 
post-reaction characterization. Only a 4.4% reduction in photocatalytic 
performance was observed after five cycles of reuse, which is quite 
impressive. Nevertheless, the activity of the catalyst remained more than 
95.6% of its original photocatalytic performance after five cycles of 
reuse, which shows a great level of stability, high structural integrity, 
and immense potential for practical wastewater treatment processes. To 
further investigate the structural and morphological stability of the 
photocatalyst after repeated use, additional characterizations were 
performed on the used YZBO− 3 sample after five photocatalytic cycles. 
The XRD pattern of the reused photocatalyst showed no significant 
change in peak positions as compared to the fresh material, indicating 
that the crystal structure remained intact during the photocatalytic 
process. This confirms the high structural stability of the synthesized 
material. SEM analysis of the reused sample reveals that the nanosheet 
morphology is largely preserved, with only minor aggregation observed. 
These results confirm the structural and morphological stability of the 
photocatalyst after repeated use.

4. Outlook

This article demonstrates that Y-doped ZnBi2O4 can be used for the 
photocatalytic degradation of LVF under sunlight, which not only 

Fig. 13. Effect of radical scavenger (a) on photocatalytic degradation of LVF and reaction mechanism (b) at the surface of photocatalyst.
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exhibits excellent degradation of LVF within 120 min but also excellent 
TOC reduction. Many photocatalysts may show high degradation effi
ciency of pharmaceutical drugs, but they may show low TOC reduction, 
suggesting incomplete degradation of drugs. However, visible-light 
photocatalysts have several limitations that need to be considered, 
such as seasonal variations in solar intensity, atmospheric temperature, 
and spectral distribution of solar irradiation that may affect the per
formance of photocatalysts. In this work, all photocatalytic degradations 
were conducted under sunlight, but their long-term performance needs 
to be evaluated for practical applications.

Sunlight-based photocatalysts are a promising, sustainable, and eco- 
friendly system designed to harness solar energy for crucial environ
mental remediation applications. The developed YZBO− 3 catalyst 
showed excellent degradation of LVF (98.5%) under sunlight at room 
temperature and atmospheric conditions, making it a very viable and 
cheap process for the removal of LVF from water. Although the devel
oped photocatalyst showed excellent reusability and stability, offering a 
sustainable path toward a green economy, there are a few significant 
limitations that may hinder its widespread industrial application. The 
primary challenges include low energy conversion efficiency, limited 
light absorption, and the diurnal and weather-dependent nature of 
sunlight, which make it difficult to maintain a constant, efficient, and 
reproducible photocatalytic performance. The separation and recovery 
of the catalyst particles from the treated effluent present a significant 
engineering challenge.

Future research should include doping of spinel oxides with other 
rare-earth metals to maximize the TOC reduction, and include other 
types of antibiotics, as photodegradation performance is also dependent 
on the chemical structure of antibiotics. Their performance in the 

presence of other additives in effluent containing drugs and multiple 
drugs needs to be studied. The removal of the used photocatalyst from 
the treated effluent is also cumbersome. To ease their removal, some
times catalysts are immobilized on various supports. It is necessary to 
conduct further research to determine whether that kind of immobili
zation affects the photocatalytic performance of the photocatalyst 
developed in this work.

The proposed photocatalytic mechanism is primarily based on indi
rect experimental evidence, such as scavenger studies and optical 
analysis. More advanced techniques, including electron spin resonance 
(ESR) and electrochemical measurements, would provide deeper insight 
into the charge transfer pathways and reactive species generation. In 
addition, the experiments were carried out using model aqueous solu
tions of levofloxacin. The presence of competing ions, natural organic 
matter, and multiple contaminants in real wastewater may influence the 
photocatalytic efficiency and should be investigated in future studies. 
Future research should focus on improving catalyst design, exploring 
other rare-earth dopants, evaluating performance in complex waste
water systems, and developing scalable reactor systems for real envi
ronmental applications.

5. Conclusions

Pure and Y-doped Zinc bismuth oxide (ZnBi2O4) were synthesized by 
the hydrothermal method with 0, 1, 3, and 5 mol% of yttrium. Yttrium 
doping induced structural modification and lattice distortion, as evi
denced by changes in the diffraction patterns and Raman spectra. The 
surface morphology and elemental composition were investigated using 
scanning electron microscopy and energy-dispersive X-ray spectroscopy. 

Fig. 14. Reusability tests of YZBO− 3 photocatalyst for five cycles (b) XRD patterns of YZBO− 3 before and after use, (c) SEM image of YZBO− 3 (Fresh sample), and 
(d) SEM image of YZBO− 3 (Reused sample).
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UV-Visible spectroscopy in the range of 200–800 nm was used for op
tical analysis. The optical behavior of synthesized nanostructures was 
confirmed by photoluminescence (PL) spectrum, visible emissions with 
different intensity and peak position with an increase or decrease in the 
yttrium content. The photocatalytic performance of the synthesized 
photocatalyst was evaluated by photocatalytic removal of levofloxacin 
under sunlight. A significantly increased photocatalytic performance 
was observed for the Y-doped ZnBi2O4 compared to the pristine 
ZnBi2O4, demonstrating that Y-doping substantially increased the pho
tocatalytic performance of ZnBi2O4. The increased optical and photo
catalytic characteristics imply that the YZBO− 3 photocatalyst is highly 
promising in terms of further applications in the fields of photocatalysis. 
The analysis after the 5th cycle, such as XRD and SEM, further confirmed 
the excellent structural stability and durability of the photocatalyst after 
repeated cycles.
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