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Abstract

The effect of drying, thermal decomposition, and sintering conditions during the sol–
gel synthesis of BaTi5O11 nanocrystals was investigated to optimize levofloxacin (LEV)
photodegradation. Sintering emerges as the dominant factor, and BaTi5O11 nanocrystals
synthesized at 700 ◦C for 120 min exhibit the smallest grain size, highest specific surface
area and abundant active sites, achieving 93.2% LEV degradation within 30 min under UV
irradiation. In contrast, excessive sintering temperatures or time induce grain coarsening
and size homogenization, which reduce surface area and active sites, thereby impairing
photocatalytic performance. The optimized nanocrystals also efficiently degrade other
antibiotic pollutants, including ciprofloxacin, norfloxacin, and tetracycline. Radical trap-
ping experiments confirm that •OH is the primary reactive species. Photoluminescence
and photoelectrochemical analyses reveal a competition between grain size variation and
charge carrier dynamics; however, photocatalytic degradation underscores the dominant
role of surface-active sites and specific surface area. Kelvin probe force microscopy (KPFM)
further corroborates efficient charge separation, showing a cross-line contact potential
difference (∆VCPD) of approximately 90 mV, indicative of facile hole migration to the crystal
surface. Collectively, these findings elucidate the processing–microstructure–property
relationships in BaTi5O11 nanocrystals and provide a robust basis for the rational design of
high-performance photocatalytic systems for antibiotic pollutant remediation.

Keywords: BaTi5O11 nanocrystals; sol–gel method; processing parameters; photocatalytic
performance; levofloxacin photodegradation

1. Introduction
Antibiotics serve as a crucial tool for combating bacterial infections and have thus

been widely employed in medical practice. Their extensive use, however, has led to the
pervasive release of antibiotic residues into aquatic environments, including municipal
wastewater, groundwater, and surface water [1], contributing to microecological disruption,
the proliferation of drug-resistant pathogens, and potential risks to human health [2]. Lev-
ofloxacin (LEV), a broad-spectrum fluoroquinolone antibiotic, is commonly prescribed for
severe bacterial infections [3]. Owing to its limited metabolic conversion, LEV resists direct
biodegradation and persists in natural water systems. Since Müller’s 1969 demonstration
of the photocatalytic degradation of isopropanol over ZnO under ultraviolet (UV) light [4],
a diverse array of advanced photocatalytic materials—such as S-scheme heterojunctions,
metal–organic frameworks (MOFs), and quantum dot-modified perovskites—has been
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developed for applications including hydrogen evolution [5–7], CO2 photoreduction [8,9],
organic pollutant degradation [10] and H2O2 photosynthesis [11]. In response to the
challenge of antibiotic contamination, advanced oxidation processes (AOPs) have been
increasingly adopted for the efficient removal of LEV [12]. Photocatalysis has been con-
sidered one of the most promising methods for degrading LEV due to its minimal or no
chemical additives, simple process, high efficiency and environmental compatibility [13,14].
Within the spectrum of photocatalyst materials, single-crystal semiconductors have at-
tracted considerable interest owing to their well-defined morphology, low defect density,
and capacity to expose specific crystal facets [15]. While wide-bandgap single-crystal
semiconductors generate photogenerated charge carriers with strong redox potentials
under UV excitation [16,17], these carriers are subject to rapid recombination driven by
strong Coulombic interactions [18]. Introducing an internal electric field within the crystal
lattice has proven effective in promoting charge separation [19]. BaTi5O11, a dielectric
material characterized by a wide bandgap, contains distorted TiO6 octahedra that induce
spontaneous polarization. This polarization establishes built-in electric fields that facilitate
efficient charge migration over short distances [20], positioning BaTi5O11 nanocrystals as
compelling candidates for photocatalytic applications.

In our previous work, BaTi5O11 nanocrystals synthesized via the sol–gel method
demonstrated excellent photocatalytic activity toward methylene blue (MB), achieving
a photocatalytic degradation of 99% within 20 min and a reaction rate constant of
0.28 min−1 [21]. This success suggests that BaTi5O11 may also be effective for the pho-
tocatalytic degradation of LEV. As a well-established wet-chemical technique, the sol–gel
method offers numerous advantages, including the scalable production of homogeneous
materials with high purity, large specific surface area, high porosity, and enhanced reactiv-
ity. It is cost-effective, operationally straightforward, and enables fine control over particle
size and morphology [22–24]. Previous studies have identified sintering temperature and
solvent type as critical parameters affecting crystallite size, surface area, and photocat-
alytic performance of BaTi5O11 nanocrystals [21,25,26]. Other investigations have further
demonstrated that precursor concentration, pH value, and reaction temperature exert
substantial influence over grain dimensions, morphology, oxygen vacancy concentration,
and lattice defects [27,28]. The complete sol–gel synthesis route encompasses hydrolysis,
polycondensation, solvent evaporation, pyrolysis of cross-linked metal alkoxides, and sin-
tering for crystallization [22]. Parameters such as drying temperature, as well as pyrolysis
temperature and duration, have also been shown to critically affect the morphology and
functional properties of the resultant materials [28–30].

The rational design of synthetic pathways is therefore essential for obtaining BaTi5O11

nanomaterials with tailored microstructural features, particularly grain size and Brunauer–
Emmett–Teller (BET) surface area. During the solvent evaporation stage, removal of the
solvent yields a xerogel with a three-dimensional network structure. Excessively low evapo-
ration temperatures may leave residual solvent within the xerogel, leading to carbonaceous
deposits on the product surface; conversely, overly high evaporation temperatures pro-
mote excessive cross-linking among metal alkoxide species [31], resulting in larger particle
sizes, diminished surface area, and reduced reactivity [32]. Thus, precise control over
evaporation temperature is instrumental in optimizing the photocatalytic properties of the
final crystals. In the subsequent pyrolysis step, the cross-linked organic metal alkoxides
decompose to form amorphous Ba–Ti–O powders. Both the pyrolysis temperature and
duration critically influence residual organic content and powder morphology. During
sintering, elevated temperatures markedly affect crystalline morphology, grain size and
distribution [26], crystallinity [33], bandgap energy [34] and other physicochemical charac-
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teristics [35]. Furthermore, higher sintering temperatures intensify crystal agglomeration,
which may compromise photocatalytic performance.

In the present study, BaTi5O11 nanocrystals were synthesized by the sol–gel method.
The effects of drying temperature (250, 260 or 270 ◦C), pyrolysis temperature (300, 350, 400
or 450 ◦C) and time (60, 120, 180 or 240 min), and sintering temperature (650, 700, 750, 800,
or 850 ◦C) and time (60, 120, 180, or 240 min) were systematically investigated to optimize
microstructural properties and enhance the photocatalytic degradation of LEV, with the
goal of achieving superior antibiotic removal. Moreover, the underlying photocatalytic
mechanism was comprehensively elucidated through analysis of band-edge positions,
reactive radical species, photoelectrochemical behavior, and interfacial charge transfer
dynamics. This integrated approach provides a thorough understanding of the factors
governing the photocatalytic performance of BaTi5O11.

2. Results and Discussions
2.1. Drying Temperature

In this experiment, the Ba–Ti precursors were dried at different temperatures (250, 260
and 270 ◦C) for 180 min, then thermally decomposed at 400 ◦C for 180 min, and finally
sintered at 750 ◦C for 180 min. The obtained products were characterized by XRD and SEM,
and their photocatalytic performance was evaluated.

Figure 1a shows the XRD results of these products. All XRD patterns reveal sharp
diffraction peaks corresponding to a pure monoclinic BaTi5O11 phase (JCPDS No. 35-0805),
with no detectable impurity. The patterns are fully indexed to the standard reference,
confirming the phase purity and crystallinity. Importantly, the diffraction profiles of sam-
ples prepared at different drying temperatures are nearly identical, indicating that the
monoclinic phase formation is unaffected by the tested temperature range (250–270 ◦C).
Consistent with the XRD data, the SEM images (Figure 1b) demonstrate uniform grain
morphologies across all samples, with an average grain size of about 100 nm. These
observations collectively suggest that variations in drying temperature within the stud-
ied range have no observable effect on the phase composition or microstructure of the
BaTi5O11 nanocrystals.

The photocatalytic activity of BaTi5O11 nanocrystals was evaluated by monitoring the
UV light-driven degradation of LEV. The concentration of LEV was quantified by measuring
the UV–vis absorption intensity at its characteristic wavelength of 288 nm, where a linear
correlation with concentration was observed. Quantification of LEV concentration was
performed via UV–vis absorption measurements at its characteristic wavelength (288 nm),
which exhibited a linear calibration curve. Figure 1c shows the time-dependent UV–vis
spectra (200–400 nm) of LEV during degradation catalyzed by BaTi5O11 nanocrystals
dried at 260 ◦C. A continuous decline in the 288 nm absorption peak intensity confirms
the effective degradation of LEV. To evaluate the temperature dependence, Figure 1d
compares the normalized LEV concentration (C/C0, where C0 and C denote the initial and
time-dependent concentrations, respectively) for BaTi5O11 nanocrystals dried at 250, 260,
and 270 ◦C. Prior to irradiation, the BaTi5O11 photocatalyst–LEV mixture was stirred in
the dark for 30 min to achieve adsorption–desorption equilibrium. Control experiments
revealed negligible LEV self-degradation (4.8% after 30 min) under UV-light irradiation
without the catalyst, highlighting the essential role of BaTi5O11 nanocrystals. Strikingly,
the BaTi5O11 nanocrystals achieved high photocatalytic degradations of 88.4%, 90.0%,
and 89.1% at 250, 260, and 270 ◦C, respectively, within 30 min of UV-light irradiation.
The minimal variation in degradation (<2%) indicates that drying temperature has limited
impact on photocatalytic performance. This consistency suggests that temperatures near the
solvent boiling point (260 ◦C) are sufficient to produce active nanocrystals. The marginally
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enhanced activity at 260 ◦C may arise from its proximity to the solvent boiling point,
promoting complete solvent removal and thereby optimizing crystallinity [36]. Therefore,
in the next study, the drying parameters were set to 260 ◦C for 180 min.

Figure 1. BaTi5O11 samples synthesized at different drying temperatures: (a) their XRD pat-
terns, (b) SEM images, Imaging parameters: EHT = 5.00 kV; WD = 4.3 mm; Mag = 50.00 KX;
Signal A = InLens (250 ◦C). EHT = 5.00 kV; WD = 4.4 mm; Mag = 50.00 KX; Signal A = InLens (260 ◦C
and 270 ◦C). (c) UV–vis absorption spectra of LEV solutions photodegraded at different times by
BaTi5O11 nanocrystals dried at 260 ◦C, (d) time-dependent photocatalytic degradations, and (e) their
pseudo-first-order kinetics for LEV photodegradation by BaTi5O11 nanocrystals.

2.2. Thermal Decomposition Process

In this study, the Ba–Ti precursors were dried at 260 ◦C for 180 min, followed by
thermal decomposition at varying temperatures (300, 350, 400, and 450 ◦C) for various
times (60, 120, 180 and 240 min), and finally sintered at 750 ◦C for 180 min. The obtained
products were characterized by XRD and SEM, and their photocatalytic performance
was evaluated.

Figure 2a shows the XRD patterns of BaTi5O11 samples synthesized under different
thermal decomposition temperatures for 180 min. All XRD patterns exhibit a pure mon-
oclinic BaTi5O11 phase without detectable impurity. Notably, no significant differences
are observed in the XRD patterns of samples prepared at varying thermal decomposition
temperatures, suggesting that the selected temperature range does not alter the crystalline
phase formation. As shown in Figure 2b, consistent with the XRD results (Figure 2a), the
SEM images reveal uniform particle morphologies with an average grain size of about
100 nm, further supporting that the thermal decomposition temperature has negligible
influence on either the crystal structure or the morphology. These findings collectively indi-
cate that the monoclinic phase and nanoscale morphology of BaTi5O11 are robust against
thermal decomposition temperature variations under the tested conditions.
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Figure 2. BaTi5O11 samples synthesized at different thermal decomposition temperatures for
180 min: (a) XRD patterns, (b) morphologies, all imaging parameters were identical: EHT = 5.00 kV;
WD = 4.6 mm; Mag = 50.00 KX; Signal A = InLens (c) time-dependent photocatalytic degradations
for LEV in the presence of BaTi5O11 nanocrystals.

Figure 2c shows the normalized concentration of LEV as a function of UV irradiation
time for BaTi5O11 nanocrystals synthesized at thermal decomposition temperatures ranging
from 300 to 450 ◦C. The incorporation of BaTi5O11 nanocrystals significantly enhanced
the photocatalytic degradation of LEV, with degradation rates reaching 86.4%, 88.2%,
89.0%, and 87.2% after 30 min of UV exposure for samples prepared at 300, 350, 400, and
450 ◦C, respectively. Although the differences in degradation performance among the
samples were marginal, the BaTi5O11 nanocrystals synthesized at 350 and 400 ◦C exhibited
slightly superior photocatalytic activity compared to those produced at 300 and 450 ◦C.
This temperature-dependent behavior can be linked to structural evolution during thermal
decomposition process. At lower temperature (300 ◦C), incomplete decomposition of cross-
linked organic–metal alkoxides likely leaves residual organic species, which may block
active sites and impede photocatalytic reactions [37]. Conversely, at elevated temperature
(450 ◦C), rapid solvent removal from the gel induces excessive network shrinkage, reducing
porosity and promoting uncontrolled grain growth. This process diminishes the surface
area and availability of reactive sites, ultimately lowering photocatalytic degradation. In
contrast, intermediate temperatures (350–400 ◦C) balance structural integrity and active
site accessibility, optimizing photocatalytic performance. Therefore, for the following
experiment, the thermal decomposition temperature was set to 400 ◦C.

Figure 3a presents the XRD patterns of BaTi5O11 samples synthesized at 400 ◦C with
varying thermal decomposition times. All XRD patterns correspond to a pure monoclinic
BaTi5O11 phase, with no detectable impurity, and are well indexed to the standard pattern
of monoclinic BaTi5O11. Notably, the diffraction peaks of all samples align closely with
the monoclinic BaTi5O11 phase. Furthermore, the XRD patterns obtained under different
thermal decomposition times show striking similarity, implying that the tested time range
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does not disrupt the phase formation. Figure 3b demonstrates the SEM images. The uniform
particle morphologies are observed with an average grain size of about 100 nm, regardless
of the thermal decomposition time, which is consistent with the XRD results (Figure 3a).
These observations collectively suggest that variations in thermal decomposition time have
negligible influence on the phase purity, crystal structure, and morphology of the BaTi5O11

samples under the applied synthesis conditions.

Figure 3. BaTi5O11 samples synthesized at 400 ◦C with different thermal decomposition times:
(a) XRD patterns, (b) morphologies, imaging parameters: EHT = 5.00 KV; WD = 4.4 mm;
Mag = 50.00 KX; Signal A = InLens (60, 120, 180 min). EHT = 5.00 KV; WD = 4.5 mm; Mag = 50.00 KX;
Signal A = InLens (240 min). (c) time-dependent photocatalytic degradations for LEV in the presence
of BaTi5O11 nanocrystals.

Figure 3c shows the normalized LEV concentration as a function of UV irradiation time
for BaTi5O11 nanocrystals synthesized at 400 ◦C with different thermal decomposition time.
After 30 min of UV-light irradiation, the photocatalytic degradations of BaTi5O11 nanocrys-
tal catalysts prepared at 400 ◦C for different thermal decomposition times were 85.6%, 89.0%,
88.2%, and 87.9%, respectively. The photocatalytic degradation of the BaTi5O11 nanocrystal
catalyst prepared with a thermal decomposition time of 60 min was significantly lower
than those prepared with other thermal decomposition time. This was mainly due to the
insufficient removal of organic substances caused by the shorter thermal decomposition
time. The residual organic matter may have affected the photocatalytic performance of
the BaTi5O11 nanocrystals. The BaTi5O11 nanocrystal catalysts prepared with thermal
decomposition time of 120 min or longer all exhibited good photocatalytic performance.
Considering all factors, a thermal decomposition time of 120 min was selected to conduct
further research.

https://doi.org/10.3390/gels12080670

https://doi.org/10.3390/gels12080670


Gels 2026, 12, 670 7 of 18

2.3. Sintering Process

In the sintering process, the Ba–Ti precursors were dried at 260 ◦C for 180 min, fol-
lowed by thermal decomposition at 400 ◦C for 120 min, and finally sintered at different
temperatures (600, 700, 750, 800 and 850 ◦C) for a certain amount of time (60, 120, 180
and 240 min). The obtained products were characterized by XRD and SEM, and their
photocatalytic performance was evaluated.

Figure 4a shows the XRD results of BaTi5O11 samples sintered at 650–850 ◦C for
180 min. The sample sintered at 650 ◦C exhibited amorphous characteristics, as evidenced
by the absence of diffraction peaks. As the sintering temperature increased to 700 ◦C,
sharp diffraction peaks were observed, which were indexed to the standard monoclinic
BaTi5O11 phase, confirming that the pure BaTi5O11 phase was obtained. With increasing
the sintering temperature from 700 ◦C to 750 ◦C, an obvious enhancement in peak intensity
occurred, while the XRD patterns remained consistent from 750 ◦C to 850 ◦C. These obser-
vations demonstrate the temperature-dependent crystallization behavior of the monoclinic
BaTi5O11 phase, with 700 ◦C representing the critical threshold for phase formation. As
shown in Figure 4b, the SEM analysis revealed the progressive microstructural evolution
with increasing sintering temperature. At 700 ◦C, nanoscale grains (10–100 nm) with high
surface area morphology were observed, favorable for catalytic applications through en-
hanced active site availability. Subsequent temperature elevation promoted grain growth
and uniformity [25]. This microstructural coarsening correlates with thermally activated
atomic rearrangement processes that reduce lattice defects and improve crystallinity. The
observed 50 ◦C reduction in crystallization temperature compared to our previous study
using acetylacetone solvent (750 ◦C) [26] highlights the critical role of precursor coordina-
tion chemistry. Acetylacetone combines with Ba2+ and Ti4+ ions through chemical bonding
to form stable complexes, while PEG-200 acts as a dispersant, forming weak physical
interactions with Ba2+ and Ti4+ ions. Moreover, as a macromolecular compound, PEG-
200 undergoes thermal decomposition and volatilizes at high temperatures. When this
decomposition process occurs, it often leaves behind pores, which further facilitates the
formation of porous BaTi5O11 nanocrystals. This mechanistic difference underscores the
importance of solvent selection in controlling nucleation kinetics and final microstructure.
This strong coordination significantly reduces the reactivity of the precursor, requiring a
higher temperature to break the coordination bond, thereby increasing the crystallization
temperature. On the contrary, weak coordination solvents such as alcohols have a relatively
weak coordination effect on the precursors, which is conducive to the progress of hydrolytic
and condensation reactions and enables crystallization at lower temperatures.

Figure 4c illustrates the normalized LEV concentration versus irradiation time for
BaTi5O11 nanocrystals. During the pre-irradiation adsorption phase (30 min dark stirring),
the BaTi5O11 nanocrystal photocatalyst sintered at 700 ◦C exhibited the highest LEV ad-
sorption capacity (18%). The addition of BaTi5O11 nanocrystal photocatalysts significantly
enhanced LEV degradation, with efficiencies reaching 90.2%, 87.3%, 85.0%, and 82.7% after
30 min irradiation for BaTi5O11 samples sintered at 700, 750, 800, and 850 ◦C, respectively.
The superior photocatalytic performance and adsorption capability of the BaTi5O11 sample
sintered at 700 ◦C were attributed to its increased density of active surface sites and larger
specific surface area, respectively.

Figure 5a displays the XRD results of the BaTi5O11 samples sintered at 700 ◦C for
different holding times (60, 120, 180, and 240 min). When the sintering time was 60 min, only
several weak peaks were observed due to the insufficient crystallization. With increasing
the sintering time to 120 min, the peak intensity obviously increased, and all XRD peaks
were well indexed to the standard monoclinic BaTi5O11 phase, indicating the formation
of monoclinic BaTi5O11 phase. As the sintering time increased from 120 to 240 min, the
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peak intensity also increased due to the enhanced crystallization. As shown in Figure 5b,
irregular grains were observed due to insufficient crystallization when the sintering time
was only 60 min. With increasing sintering time, the grain size became uniform, and the
grain sizes ranged from 50 nm to 100 nm, indicating a higher specific surface area and
providing more active sites to enhance degradation performance [38].

Figure 4. BaTi5O11 samples sintered at different temperatures: (a) XRD patterns, (b) morphologies,
imaging parameters: EHT = 5.00 KV; WD = 4.4 mm; Mag = 50.00 KX; Signal A = InLens (700 ◦C
and 800 ◦C). EHT = 5.00 KV; WD = 4.5 mm; Mag = 50.00 KX; Signal A = InLens (750 ◦C and 850 ◦C).
(c) time-dependent photocatalytic degradations for LEV by BaTi5O11 nanocrystals.

Figure 5c plots the normalized LEV concentration versus irradiation time for BaTi5O11

nanocrystals. The addition of BaTi5O11 nanocrystal photocatalysts led to significant LEV
degradation. After 30 min of UV light irradiation, the photocatalytic degradations for
BaTi5O11 nanocrystal photocatalysts synthesized at sintering time of 120, 180, and 240 min
were 93.2%,92.1% and 91.9%, respectively. After stirring in darkness for 30 min to establish
adsorption–desorption equilibrium, the BaTi5O11 nanocrystal photocatalyst with a sintering
time of 120 min had the highest adsorption of 29% for LEV, which also was ascribed to the
higher specific surface area. The BaTi5O11 nanocrystal photocatalyst sintering for 120 min
exhibited the highest k value of 0.111 min−1, as shown in Figure 5d. The photocatalytic
cycling performance of BaTi5O11 nanocrystals is shown in Figure 5e. It retained a high
LEV photocatalytic degradation of 90.1% even after four consecutive cycles, confirming the
excellent reusability and stability of the BaTi5O11 nanocrystal photocatalyst synthesized
under the optimized process parameters. Figure 5f shows the grain size distribution
of BaTi5O11 nanocrystal synthesized at 700 ◦C with different lengths of time. BaTi5O11

nanocrystal synthesized for 120 min had the smallest grain size, and the grain size increased
with extended sintering time. In our previous study [21], the specific surface area increased
with decreased grain size, which is consistent with the photocatalytic degradation results.
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Figure 5. BaTi5O11 samples synthesized at 700 ◦C for different lengths of time: (a) XRD patterns,
(b) morphologies, imaging parameters: EHT = 5.00 KV; WD = 5.1 mm; Mag = 50.00 KX; Signal
A = InLens (60 min and 180 min). EHT = 5.00 KV; WD = 5.0 mm; Mag = 50.00 KX; Signal A = InLens (120
min). EHT = 5.00 KV; WD = 5.2 mm; Mag = 50.00 KX; Signal A = InLens (240 min). (c) time-dependent
photocatalytic degradations for LEV in the presence of BaTi5O11 nanocrystals, (d) their pseudo-first-order
kinetics for LEV photodegradation, (e) photocatalytic cycling performance of BaTi5O11 nanocrystals
with sintering time of 120 min for LEV degradation, and (f) grain size distribution.

The optical absorption properties of BaTi5O11 nanocrystals synthesized at 700 ◦C for
120 min and 180 min were characterized using the UV–vis diffuse reflectance spectroscopy
in the wavelength range of 200–600 nm. As shown in Figure 6a, the BaTi5O11 nanocrys-
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tals showed strong UV absorption. The optical band gap (Eg) was calculated from the
reflectance data using Equation (1).

(αhν)n = A (hν − Eg) (1)

where α is the absorption coefficient, hν is the photon energy and A is a constant. As the
BaTi5O11 compound is a direct bandgap semiconductor [20], n is equal to two. Figure 6b
shows the corresponding Tauc plots of (αhv)2 vs. hv. The calculated Eg values of BaTi5O11

nanocrystals synthesized at 700 ◦C for 120 min and 180 min were 3.66 and 3.65 eV, respec-
tively, attributed to the structural ordering and quantum confinement effects. To explore
their electronic band structure, Mott–Schottky plot analysis was performed to determine
the flat-band potential, which was obtained from extrapolating the slope and intercept with
the potential axis. As shown in Figure 6c, the positive slope of the quasi-linear response
and negative x-intercept at −0.98 V vs. Ag/AgCl indicate that BaTi5O11 nanocrystalline is
an n-type semiconductor [7]. The value −0.98 V of the negative x-intercept is the flat-band
potential. For the n-type semiconductor, the conduction band (CB) is approximately 0.1 V
lower than the flat-band potential [39]. As a result, the CB position of BaTi5O11 nanocrystals
was estimated to be −0.88 V vs. the normal hydrogen electrode (NHE), and the valence
band (VB) position was 2.77 V according to Equation (2).

ECB = EVB − Eg (2)

Figure 6. (a) UV–vis diffuse reflectance spectra of BaTi5O11 nanocrystals synthesized at 700 ◦C for
different lengths of time, and (b) their transformed Tauc plots, (c) Mott–Schottky plots of BaTi5O11

nanocrystals synthesized at 700 ◦C for 120 min, and (d) their corresponding band structure diagram.
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2.4. Photocatalytic Universality and Radical Active Species

Based on the above research, as they were dried at 260 ◦C for 180 min, thermally
decomposed at 400 ◦C for 120 min, and sintered at 700 ◦C for 120 min, the BaTi5O11

nanocrystals showed the best photocatalytic performance for LEV degradation. Their
photocatalytic performance was evaluated through the photodegradation of typical an-
tibiotic pollutants, including ciprofloxacin (CIP), norfloxacin (NOF) and tetracycline (TC)
under UV light irradiation. The antibiotic concentrations were determined from the UV–
vis absorption intensities at their characteristic wavelengths of 272 nm for CIP, 273 nm
for NOF and 357 nm for TC, which exhibited a linear relationship with concentration.
Figure 7a–c present the time-dependent UV–vis absorption spectra of antibiotic solutions
during degradation catalyzed by the BaTi5O11 nanocrystals. The characteristic absorption
peaks at 272 nm for CIP, 273 nm for NOF and 357 nm for TC all decreased rapidly with
increasing irradiation time, indicating efficient antibiotic degradation. Figure 7d shows
the C/Co plots of CIP, NOF and TC solutions in the presence of BaTi5O11 nanocrystals
vs. irradiation time. After 30 min UV-light irradiation, the photocatalytic degradations of
CIP, NOF and TC were 83.2%,78.9%, and 95.1%, respectively. The BaTi5O11 nanocrystals
demonstrated high-efficiency photodegradation of antibiotic pollutants, which indicate
that the BaTi5O11 nanocrystals have promising applications in the treatment of wastewater
contaminated with antibiotics such as LEV, CIP, NOF and TC.

To explore the photocatalytic degradation mechanism of LEV degradation, radical
capture experiments were conducted to identify the free radical species involved under UV
irradiation. Benzoquinone (BQ), isopropanol (IPA), and sodium oxalate (Na2C2O4) were
employed as scavengers for superoxide radicals (•O2

−), hydroxyl radicals (•OH) and pho-
togenerated holes (h+), respectively. Figure 7e presents the time-dependent photocatalytic
degradation of LEV in the presence of BaTi5O11 nanocrystals sintered at 700 ◦C for 120 min,
both with and without the various scavengers. After 30 min UV irradiation, the photocat-
alytic degradation decreased dramatically with the addition of IPA, indicating that •OH
radicals served as the primary active species responsible for LEV degradation. Meanwhile,
the photocatalytic degradations decreased to 87.8% and 78.5% upon the addition of BQ
and Na2C2O4, respectively, suggesting that the radicals of •O2

− and h+ also contributed
to the photocatalytic process. To further verify the generation of reactive species during
photodegradation, ESR spectroscopy was employed during the photoexcitation process
in the presence of DMPO and TEMPO spin traps. As shown in Figure 7f,g, no significant
signals were detected in the absence of irradiation, confirming that no active radicals were
generated under dark conditions. Upon UV irradiation, characteristic peaks corresponding
to DMPO-•O2

− and DMPO-•OH were observed, displaying typical ESR signal intensity
ratios of 1:1:1:1 and 1:2:2:1, respectively. In Figure 7h, the characteristic three-line ESR signal
of TEMPO exhibited a significant decrease upon irradiation, confirming the generation of
h+ species. The ESR results showed the existence of all active species (•OH, •O2

− and h+)
during the photodegradation process of LEV.
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Figure 7. BaTi5O11 nanocrystals dried at 260 ◦C for 180 min, thermally decomposed at 400 ◦C for
120 min, and sintered at 700 ◦C for 120 min: UV–vis absorption spectra of (a) CIP, (b) NOF and (c) TC
solutions photodegraded for different lengths of time by BaTi5O11 nanocrystals; (d) time-dependent
photocatalytic degradations for CIP, NOF and TC in the presence of BaTi5O11 nanocrystals; (e) active
species trapping experiment of LEV degradation reaction over various scavengers (BQ, IPA and
Na2C2O4) in the presence of BaTi5O11 photocatalyst; and ESR spectra of •O2

− (f), •OH (g) and h+ (h)
of BaTi5O11 under irradiation.

2.5. Photocatalytic Mechanism

Steady-state PL spectroscopy was employed to investigate efficient charge separation
and migration, which are directly correlated with the superior photocatalytic performance of
the as-prepared nanomaterials. As presented in Figure 8a, the BaTi5O11 nanocrystals exhibited
characteristic fluorescence peaks at 390 nm and 465 nm, corresponding to the direct and indi-
rect recombination of photogenerated electron–hole pairs, respectively. With increasing the
sintering time, the intensity of the PL peaks decreased, indicating a suppressed recombination
rate of the photogenerated charge carriers [40]. BaTi5O11 nanocrystals synthesized with a
sintering time of 120 min exhibited the lowest fluorescence intensity, representing the mini-
mum recombination rate, which is consistent with their optimal photocatalytic performance,
as shown in Figure 5c. To further explore the mechanism underlying the photocatalytic degra-
dation of the BaTi5O11 nanocrystals, photoelectrochemical measurements were conducted
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to evaluate the separation efficiency of photogenerated electron–hole pairs. As depicted in
Figure 8b, transient photocurrent (TPC) responses were recorded over six successive turning
on–off irradiation cycles, with all samples displaying periodic photocurrent behavior. When
the sintering time was increased, the TPC of all samples increased correspondingly. Notably,
the BaTi5O11 nanocrystals synthesized with a sintering time of 240 min achieved the highest
TPC value of 1.35 uA·cm−2 under initial irradiation, finally stabilizing at 0.69 uA·cm−2. Usu-
ally, a higher photocurrent response is beneficial to enhancing the photocatalytic performance,
attributable to the increased carrier density and more efficient charge transfer. However, this
trend contradicts the photocatalytic degradation results presented in Figure 5c. Furthermore,
EIS was performed to assess the charge-transfer resistance, a critical parameter for characteriz-
ing the photoelectrochemical properties of surface-modified electrodes. The electron-transfer
resistances of the samples were estimated from the diameters of the semicircles observed in
the Nyquist plots, where a smaller semicircle radius corresponds to lower electron-transfer
resistance at the photoelectrode surface, thus facilitating more effective separation of photogen-
erated electron–hole pairs. As shown in Figure 8c, the charge-transfer resistance in the Nyquist
plots decreased with increasing sintering time, which again conflicts with the photocatalytic
degradation results displayed in Figure 5c. The PL and photoelectrochemical spectra reveal a
competing mechanism governing the effect of grain size on catalytic activity. On one hand,
increasing the grain size enhances the photocurrent and reduces the charge-transfer resistance,
both of which are favorable for the separation of photogenerated electron–hole pairs [41]. On
the other hand, the increased grain size simultaneously exacerbates the recombination rate
of photogenerated carriers. The photocatalytic degradation results in Figure 5c ultimately
indicate that surface active sites and specific surface area play the dominant roles in the
photocatalytic process.

Figure 8. BaTi5O11 nanocrystals synthesized at 700 ◦C for different lengths of time: (a) steady-state
PL spectra, (b) transient photocurrent responses, and (c) EIS Nyquist plots.
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To further elucidate the photocatalytic mechanism of BaTi5O11 nanocrystals, KPFM
measurements were employed under both dark and illuminated conditions to probe the
interfacial charge transfer behavior. Figure 9a shows the AFM 3D morphologies of the
BaTi5O11 nanocrystals, while Figure 9b,c display the corresponding KPFM surface potential
maps. Line-scan profiles acquired across the nanocrystal interface (Figure 9d,e) reveal
that the maximum surface potential difference between points A and B is approximately
200 mV under dark or illumination conditions. This observation confirms the existence
of a built-in electric field, which plays a critical role in the separation and transport of
photogenerated electron–hole pairs [42,43]. Under light irradiation, the increase in surface
potential indicates upward band bending within the space charge regions [44]. Meanwhile,
the photogenerated holes migrate to the semiconductor surface, whereas electrons flow
into the subsurface charge regions. The specific line-scan ∆VCPD values are approximately
90 mV for the AB region and 70 mV for the CD region, suggesting that photogenerated
holes can readily transfer to the crystal surface [45]. The H2O can be oxidized to •OH
radicals by photogenerated holes for its strong oxidizing capability. According to the
radical capture experiments, •OH radicals served as the primary active species responsible
for LEV degradation, which is consistent with KPFM results. Furthermore, the difference
in ∆VCPD between these two regions may imply the exposure of different crystal facets.

Figure 9. BaTi5O11 nanocrystals sintered at 700 ◦C for 120 min: (a) AFM images and (b) their
corresponding surface potential distribution under dark state, (c) light irradiation, and the line
profiles of surface potential and height along points A to B (d) and C to D (e).

3. Conclusions
This study systematically investigates the effect of drying temperature, thermal decom-

position, and sintering conditions on the microstructure and photocatalytic performance of
BaTi5O11 nanocrystals for LEV degradation, aiming to optimize efficiency without incur-
ring additional costs. Among these parameters, sintering temperature and time critically
govern the crystal morphology. At an optimized sintering temperature of 700 ◦C and a time
of 120 min, the synthesized BaTi5O11 nanocrystals achieve a maximum LEV adsorption
of 29% and a photocatalytic degradation of 93.2% within 30 min under UV irradiation,
benefits that are ascribed to their high specific surface area and abundant active sites. Con-
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versely, further increases in sintering temperature or time led to enlarged and more uniform
grain sizes, which prove detrimental to photocatalytic activity. Beyond LEV, the BaTi5O11

nanocrystals also demonstrate high degradation in degrading other antibiotic pollutants,
including CIP, NOF, and TC. Radical trapping experiments identify •OH as the primary
reactive species contributing to LEV photodegradation. Competitive interplay between
grain size and the recombination/separation dynamics of photogenerated electron–hole
pairs is identified as well. Small grain size indicates a suppressed recombination rate of
photogenerated charge carriers, which is attributed to that carrier being able to more easily
move to the crystal surface and participate in the degradation reaction. Simultaneously,
the increase in grain size enhances the photocurrent and reduces the charge transfer resis-
tance, both of which are favorable for the separation of photogenerated electron–hole pairs.
Nevertheless, the photocatalytic degradation results underscore that grain size, surface
active sites and specific surface area exert the dominant influence in the photocatalytic
process. This conclusion is further corroborated by KPFM measurements, which show
a high cross-line ∆VCPD of approximately 90 mV, indicating that photogenerated holes
readily migrate to the crystal surface, thereby facilitating the generation of •OH radicals,
which served as the primary active species responsible for LEV degradation.

4. Materials and Methods
4.1. Preparation of BaTi5O11 Nanocrystal

All chemicals were of analytical grade and used as received without further purifica-
tion. Barium acetate (Ba(CH3COO)2, Sinopharm Chemical Reagent Co., Ltd., Shanghai,
China) and tetrabutyl titanate (Ti(OC4H9)4, Sinopharm Chemical Reagent Co., Ltd., Shang-
hai, China) were employed as the sources of Ba2+ and Ti4+, respectively, with a Ba-to-Ti
molar ratio of 1:5. Specifically, a predetermined amount of Ba(CH3COO)2 was dissolved
in acetic acid (20 mL, Sinopharm Chemical Reagent Co., Ltd., Shanghai, China), while
Ti(OC4H9)4 was dissolved in polyethylene glycol 200 (PEG-200, Sinopharm Chemical
Reagent Co., Ltd., Shanghai, China). These two solutions were then mixed under stirring to
obtain a transparent Ba–Ti precursor with a concentration of 0.1 mol/L (100 mL). BaTi5O11

nanocrystals were synthesized by the sol–gel method followed by a three-step heat treat-
ment in a quartz tube furnace under a continuous O2 flow. The heating rate was set at
10 ◦C/min throughout all thermal steps. In the first step, the Ba–Ti precursor was dried at
s set temperature (250, 260 or 270 ◦C) for 180 min to remove the solvents. Subsequently, the
obtained product was decomposed at a higher temperature (300, 350, 400 or 450 ◦C) for a
certain amount of time (60 min, 120 min, 180 min or 240 min) to yield amorphous Ba–Ti–O
powder. Finally, the amorphous powder was sintered at temperatures ranging from 650 to
850 ◦C (650, 700, 750, 800, or 850 ◦C) for 60–240 min (60, 120, 180, or 240 min) to crystallize
BaTi5O11 nanocrystals. A schematic illustration of the entire sol–gel synthesis process is
provided in Figure 10.

4.2. Material Characterization

The crystal phase of the BaTi5O11 nanocrystals was examined using an X-ray diffrac-
tometer (XRD, D8 Advance, Bruker, MA, USA) with Cu Kα radiation (λ = 1.5406 Å)
operating at 40 kV and 40 mA. The morphologies of the samples were characterized by
field emission scanning electron microscopy (FESEM, Zeiss Ultra Plus, Zeiss, Jena, Ger-
many). The active species were detected by an electron spin resonance spectrometer (ER
200-SRC, Bruker, MA, USA), with 5,5-dimethyl-1-pyrroline N-oxide (DMPO) and 2,2,6,6-
Tetramethylpiperidinooxy (TEMPO) as radical scavengers for superoxide (•O2−), hydroxyl
radicals (•OH) and holes (h+). Photoluminescence (PL) spectra were recorded with a fluo-
rescence spectrophotometer (Hitachi F-7000, Tokyo, Japan). The ultraviolet–visible diffuse
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reflectance spectra (UV-Vis-DRS) were characterized by a spectrophotometer (UV-2550,
Shimadzu, Kyoto, Japan), with barium sulfate (BaSO4) as the reference. Photocurrent re-
sponses and electrochemical impedance spectroscopy (EIS) measurements were performed
on an electrochemical workstation (CHI 660e, CH Instruments, Shanghai, China), using a
standard three-electrode system in 0.5 M Na2SO4 as the electrolyte. The distribution and
migration of interfacial charges were analyzed by Kelvin probe force microscopy (KPFM,
SPM-9700, Shimadzu, Japan).

Figure 10. Schematic diagram of the sol–gel fabrication route for BaTi5O11 nanocrystals.

4.3. Photocatalytic LEV Degradation

The photocatalytic activity of the prepared samples was evaluated by monitoring the
degradation of LEV under UV light irradiation. A 150 W mercury lamp with an irradiation
intensity of 70 mW/cm2 served as the UV light source. Prior to illumination, the BaTi5O11

nanocrystals (50 mg) were dispersed in an aqueous LEV solution (50 mL, 10 mg/L) and
stirred continuously in the dark for 30 min to establish adsorption–desorption equilib-
rium between LEV and the nanocrystal surface. During the photocatalytic reaction, 2 mL
aliquots were collected at 10 min intervals and subjected to centrifugation at 10,000 rpm
for 5 min (repeated twice) to completely removed the BaTi5O11 photocatalyst particles. The
residual LEV concentration in the supernatant was subsequently measured using a UV–vis
spectrophotometer (UV1800PC, Jinghua Instruments, Shanghai, China).

Author Contributions: Conceptualization, D.G.; methodology, H.W., Z.X. and X.W.; software, H.W.
and X.W; validation, H.W.; formal analysis, H.W. and D.G.; investigation, H.W. and Z.X.; resources,
D.G.; data curation, H.W.; writing—original draft preparation, H.W.; writing—review and editing,
D.G.; visualization, H.W.; supervision, Z.H. and D.G.; project administration, Z.H. and D.G.; funding
acquisition, Z.H. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The original contributions presented in this study are included in the
article. Further inquiries can be directed to the corresponding author.

Conflicts of Interest: The authors declare no conflicts of interest.

https://doi.org/10.3390/gels12080670

https://doi.org/10.3390/gels12080670


Gels 2026, 12, 670 17 of 18

References
1. Samy, M.; Tang, S.; Zhang, Y.; Leung, D.Y.C. Understanding the variations in degradation pathways and generated by-products of

antibiotics in modified TiO2 and ZnO photodegradation systems: A comprehensive review. J. Environ. Manag. 2024, 370, 122402.
[CrossRef]

2. Wang, X.; Lin, Y.; Zheng, Y.; Meng, F. Antibiotics in mariculture systems: A review of occurrence, environmental behavior, and
ecological effects. Environ. Pollut. 2022, 293, 118541. [CrossRef] [PubMed]

3. Habibi, D.; Bornas, B.; Faraji, A.R.; Bardaz, A.; Madiseh, E.S.; Pakniat, M.; Ghazimoradi, M.M.; Beigi, F. Comprehensive analysis
on impact of various catalytic assemblies for photodegradation of levofloxacin antibiotic from aquatic environments: Constructing
strategies and surface/interface engineering, limitations, new trends, and future outlooks. J. Environ. Chem. Eng. 2025, 13, 116071.
[CrossRef]

4. Müller, H.D.; Steinbach, F. Decomposition of Isopropyl Alcohol photosensitized by Zinc Oxide. Nature 1970, 225, 728–729.
[CrossRef] [PubMed]

5. Cheng, C.; He, B.; Fan, J.; Cheng, B.; Cao, S.; Yu, J. An Inorganic/Organic S-Scheme Heterojunction H2-Production Photocatalyst
and its Charge Transfer Mechanism. Adv. Mater. 2021, 33, 2100317. [CrossRef]

6. Wan, S.; Wang, W.; Cheng, B.; Luo, G.; Shen, Q.; Yu, J.; Zhang, J.; Cao, S.; Zhang, L. A superlattice interface and S-scheme
heterojunction for ultrafast charge separation and transfer in photocatalytic H2 evolution. Nat. Commun. 2024, 15, 9612. [CrossRef]
[PubMed]

7. Wan, S.; Xu, J.; Cao, S.; Yu, J. Promoting intramolecular charge transfer of graphitic carbon nitride by donor–acceptor modulation
for visible-light photocatalytic H2 evolution. Interdiscip. Mater. 2022, 1, 294–308. [CrossRef]

8. Sabir, M.; Sayed, M.; Zeng, Z.; Cheng, B.; Wang, W.; Wang, C.; Xu, J.; Cao, S. Enhancing CO2 photoreduction by construction of
g-C3N4/Co-MOFs S-scheme heterojunction. Appl. Surf. Sci. 2025, 693, 162752. [CrossRef]

9. Wan, S.; Hou, Y.; Wang, W.; Luo, G.; Wang, C.; Tu, R.; Cao, S. Graphitic carbon nitride/La, Rh co-doped SrTiO3 S-scheme
heterojunction for photocatalytic CO2 reduction. Rare Met. 2024, 43, 5880–5890. [CrossRef]

10. Masekela, D.; Hintsho-Mbita, N.C.; Sam, S.; Yusuf, T.L.; Mabuba, N. Application of BaTiO3-based catalysts for piezocatalytic, pho-
tocatalytic and piezo-photocatalytic degradation of organic pollutants and bacterial disinfection in wastewater: A comprehensive
review. Arab. J. Chem. 2023, 16, 104473. [CrossRef]

11. Wang, W.; Chen, Z.; Li, C.; Cheng, B.; Yang, K.; Zhang, S.; Luo, G.; Yu, J.; Cao, S. Graphene Quantum Dot-Modified Mn0.2Cd0.8S
for Efficient Overall Photosynthesis of H2O2. Adv. Funct. Mater. 2025, 35, 2422307. [CrossRef]

12. Liu, X.; Yang, D.; Zhou, Y.; Zhang, J.; Luo, L.; Meng, S.; Chen, S.; Tan, M.; Li, Z.; Tang, L. Electrocatalytic properties of N-doped
graphite felt in electro—Fenton process and degradation mechanism of levofloxacin. Chemosphere 2017, 182, 306–315. [CrossRef]
[PubMed]

13. Tehrani, E.; Faraji, A.R.; Shojaei, N.; Shahinmehr, S.; Najafi, A.; Hekmatian, Z.; Tehrani, Z.; Bornas, B. An overview of the
characteristics, toxicity, and treatment methods for the degradation of pharmaceutically active compounds: Naproxen as a case
study. J. Environ. Chem. Eng. 2023, 11, 111575. [CrossRef]

14. Wang, W.; Tadé, M.O.; Shao, Z. Research progress of perovskite materials in photocatalysis- and photovoltaics-related energy
conversion and environmental treatment. Chem. Soc. Rev. 2015, 44, 5371–5408. [CrossRef] [PubMed]

15. Ding, P.C.; Zhang, Y.; Li, W.J.; Li, Z.M.; Wang, X.L.; Liu, P.F.; Yang, H.G. Anisotropy of Single-Crystal Semiconductors in
Photo(electro)Catalysis. Angew. Chem. Int. Ed. 2025, 64, e202511706. [CrossRef]

16. Wang, T.; Cao, J.; Li, J.; Li, J.; Li, D.; Wang, S.; Ao, Z. A new mechanism for visible light photocatalysis: Generation of intraband
by adsorbed organic compounds with wide-bandgap semiconductors. Environ. Sci. Nano 2024, 11, 2415–2427. [CrossRef]

17. Liu, X.; Zhang, Y.; Wang, C.; Shen, L. Polar materials for photocatalytic applications: A critical review. Interdiscip. Mater. 2024, 3,
530–564. [CrossRef]

18. Xu, Q.; Zhang, L.; Cheng, B.; Fan, J.; Yu, J. S-Scheme Heterojunction Photocatalyst. Chem 2020, 6, 1543–1559. [CrossRef]
19. Liu, Y.; Ye, S.; Xie, H.; Zhu, J.; Shi, Q.; Ta, N.; Chen, R.; Gao, Y. Internal-Field-Enhanced Charge Separation in a Single-Domain

Ferroelectric PbTiO3 Photocatalyst. Adv. Mater. 2020, 32, e1906513. [CrossRef] [PubMed]
20. Cheng, X.; Lu, G.; Huang, Y.; Guo, D. Photocatalytic mechanism of BaTi5O11 nanocrystals for methylene blue degradation. Mater.

Lett. 2024, 376, 137302. [CrossRef]
21. Wang, H.; Gao, T.; Li, X.; Huang, Y.; Wang, J.; Huang, Z.; Guo, D. Microstructure and Photocatalytic Performance of BaTi5O11

Nanocrystals Synthesized via Sol-Gel Method Mediated by Organic Solvents. Gels 2025, 11, 706. [CrossRef] [PubMed]
22. Chang, C.; Rad, S.; Gan, L.; Li, Z.; Dai, J.; Shahab, A. Review of the sol–gel method in preparing nano TiO2 for advanced oxidation

process. Nanotechnol. Rev. 2023, 12, 20230150. [CrossRef]
23. Merghes, P.; Ilia, G.; Maranescu, B.; Varan, N.; Simulescu, V. The Sol–Gel Process, a Green Method Used to Obtain Hybrid

Materials Containing Phosphorus and Zirconium. Gels 2024, 10, 656. [CrossRef] [PubMed]
24. Niederberger, M. Nonaqueous Sol–Gel Routes to Metal Oxide Nanoparticles. Acc. Chem. Res. 2007, 40, 793–800. [CrossRef]

[PubMed]

https://doi.org/10.3390/gels12080670

https://doi.org/10.1016/j.jenvman.2024.122402
https://doi.org/10.1016/j.envpol.2021.118541
https://www.ncbi.nlm.nih.gov/pubmed/34800588
https://doi.org/10.1016/j.jece.2025.116071
https://doi.org/10.1038/225728a0
https://www.ncbi.nlm.nih.gov/pubmed/16056721
https://doi.org/10.1002/adma.202100317
https://doi.org/10.1038/s41467-024-53951-6
https://www.ncbi.nlm.nih.gov/pubmed/39511168
https://doi.org/10.1002/idm2.12024
https://doi.org/10.1016/j.apsusc.2025.162752
https://doi.org/10.1007/s12598-024-02861-z
https://doi.org/10.1016/j.arabjc.2022.104473
https://doi.org/10.1002/adfm.202422307
https://doi.org/10.1016/j.chemosphere.2017.05.035
https://www.ncbi.nlm.nih.gov/pubmed/28501570
https://doi.org/10.1016/j.jece.2023.111575
https://doi.org/10.1039/c5cs00113g
https://www.ncbi.nlm.nih.gov/pubmed/25976276
https://doi.org/10.1002/anie.202511706
https://doi.org/10.1039/d4en00151f
https://doi.org/10.1002/idm2.12176
https://doi.org/10.1016/j.chempr.2020.06.010
https://doi.org/10.1002/adma.201906513
https://www.ncbi.nlm.nih.gov/pubmed/31943380
https://doi.org/10.1016/j.matlet.2024.137302
https://doi.org/10.3390/gels11090706
https://www.ncbi.nlm.nih.gov/pubmed/41002481
https://doi.org/10.1515/ntrev-2023-0150
https://doi.org/10.3390/gels10100656
https://www.ncbi.nlm.nih.gov/pubmed/39451309
https://doi.org/10.1021/ar600035e
https://www.ncbi.nlm.nih.gov/pubmed/17461544
https://doi.org/10.3390/gels12080670


Gels 2026, 12, 670 18 of 18

25. Tangjuank, S.; Tunkasiri, T. Effects of heat treatment on structural evolution and morphology of BaTi5O11 powder synthesized by
the sol–gel method. Mater. Sci. Eng. B 2004, 108, 223–226. [CrossRef]

26. Yang, G.; Zhao, X.; Che, J.; Huang, K.; Peng, S.; Wang, J.; Guo, D. Photocatalytic performance of BaTi5O11 nanocrystals synthesized
by sol-gel method for methylene blue degradation. Funct. Mater. Lett. 2025, 18, 2550013. [CrossRef]

27. Fonseca, R.L.M.; Sampaio, D.; Mayrink, T.F.; Alcamand, H.A.; Palhares, H.G.; Nunes, E.H.M.; Houmard, M. Influence of
the alcoholic solvent and gelation temperature on the structural and water vapor adsorption properties of silica adsorbents
synthesized by sol-gel method without catalyst. Microporous Mesoporous Mater. 2022, 342, 112114. [CrossRef]

28. Xu, Z.; Wang, W.; Li, Y.; Meng, S.; Liu, Y.; Cao, Y.; You, J.; Zhang, B.; Zang, J. The influence of solvent-temperature parameters of
sodium titanium phosphate anode materials prepared by sol-gel method. Mater. Chem. Phys. 2024, 315, 128946. [CrossRef]

29. Wang, Y.; Zhong, S.; Zeng, X.; Lin, M.; Lin, C.; Lin, T.; Gao, M.; Zhao, C.; Wu, X. Microstructural manipulation and enhanced
piezo-photocatalytic performance of sol-gel-derived pure BaTiO3 particles. Ceram. Int. 2025, 51, 3960–3969. [CrossRef]

30. Gholami, T.; Seifi, H.; Dawi, E.A.; Pirsaheb, M.; Seifi, S.; Aljeboree, A.M.; Hamoody, A.-H.M.; Altimari, U.S.; Abass, M.A.; Salavati-
Niasari, M. A review on investigating the effect of solvent on the synthesis, morphology, shape and size of nanostructures. Mater.
Sci. Eng. B 2024, 304, 117370. [CrossRef]

31. Konishi, J.; Fujita, K.; Nakanishi, K.; Hirao, K. Monolithic TiO2 with Controlled Multiscale Porosity via a Template-Free Sol−Gel
Process Accompanied by Phase Separation. Chem. Mater. 2006, 18, 6069–6074. [CrossRef]

32. Wan, Q.; Hu, S.; Dai, J.; Chen, C.; Li, W. Influence of Crystal Facet and Phase of Titanium Dioxide on Ostwald Ripening of
Supported Pt Nanoparticles from First-Principles Kinetics. J. Phys. Chem. C 2019, 123, 11020–11031. [CrossRef]

33. Kaneva, N.; Bachvarova, N.A. The Effect of Heat Treatment on the Sol–Gel Preparation of TiO2/ZnO Catalysts and Their Testing
in the Photodegradation of Tartrazine. Appl. Sci. 2024, 14, 9872. [CrossRef]

34. Kaushik, V.; Kumar, V.; Kumar, D.; Kumar, R.; Singh, V.; Kumar, M.; Sharma, S.K. Effect of aging on microstructural and optical
properties of sol-gel dip coated BaTiO3 thin films. Appl. Surf. Sci. Adv. 2023, 16, 100418. [CrossRef]

35. Meriem, B.D. Characterization of sol-gel derived NiO thin films: Effect of post-heat treatment. Sigma J. Eng. Nat. Sci.–Sigma
Mühendislik Bilim. Derg. 2024, 42, 1009–1015. [CrossRef]

36. Kim, M.-S.; Song, H.-S.; Park, H.J.; Hwang, S.-J. Effect of solvent type on the nanoparticle formation of atorvastatin calcium by the
supercritical antisolvent process. Chem. Pharm. Bull. 2012, 60, 543–547. [CrossRef]

37. Navas, D.; Fuentes, S.; Castro-Alvarez, A.; Chavez-Angel, E. Review on Sol-Gel Synthesis of Perovskite and Oxide Nanomaterials.
Gels 2021, 7, 275. [CrossRef] [PubMed]

38. Di, J.; Xia, J.; Chisholm, M.F.; Zhong, J.; Chen, C.; Cao, X.; Dong, F.; Chi, Z.; Chen, H.; Weng, Y.; et al. Defect-Tailoring Mediated
Electron–Hole Separation in Single-Unit-Cell Bi3O4Br Nanosheets for Boosting Photocatalytic Hydrogen Evolution and Nitrogen
Fixation. Adv. Mater. 2019, 31, 1807576. [CrossRef]

39. Gelderman, K.; Lee, L.; Donne, S.W. Flat-Band Potential of a Semiconductor: Using the Mott–Schottky Equation. J. Chem. Educ.
2007, 84, 685. [CrossRef]

40. Fayazi, D.; Dolatimehr, A.; Teymoori, A.; Khalili, S.; Vaziri, N.M.; Khaksar, Z. Uniform dispersion of Bi2Sn2O7 nanoparticles
on intersectional CuO monolayers for levofloxacin photodegradation: Exploring influence of morphology on S-type charge
migration. J. Water Process Eng. 2025, 77, 108626. [CrossRef]

41. Yin, X.; Li, Y.; Yang, D.; Xi, R.; Liu, M.; Han, W.; Zhang, M.; Li, X.; Sun, S. Revealing the role of ferroelectric size effect on
photocatalyst activity. Appl. Surf. Sci. 2024, 645, 158839. [CrossRef]

42. Chen, R.; Zhu, J.; An, H.; Fan, F.; Li, C. Unravelling charge separation via surface built-in electric fields within single particulate
photocatalysts. Faraday Discuss. 2017, 198, 473–479. [CrossRef] [PubMed]

43. Chen, R.; Fan, F.; Dittrich, T.; Li, C. Imaging photogenerated charge carriers on surfaces and interfaces of photocatalysts with
surface photovoltage microscopy. Chem. Soc. Rev. 2018, 47, 8238–8262. [CrossRef] [PubMed]

44. Zhu, J.; Fan, F.; Chen, R.; An, H.; Feng, Z.; Li, C. Direct Imaging of Highly Anisotropic Photogenerated Charge Separations on
Different Facets of a Single BiVO4 Photocatalyst. Angew. Chem. Int. Ed. 2015, 54, 9111–9114. [CrossRef]

45. Mao, J.; Gu, Z.; Yu, Y.; Liu, H.; Qu, J.; An, X. Revealing Surface Charge Population on Flake-like BiVO4 Photocatalysts by Single
Particle Imaging Spectroscopies. ACS Appl. Energy Mater. 2021, 4, 2543–2551. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/gels12080670

https://doi.org/10.1016/j.mseb.2003.11.022
https://doi.org/10.1142/s1793604725500134
https://doi.org/10.1016/j.micromeso.2022.112114
https://doi.org/10.1016/j.matchemphys.2024.128946
https://doi.org/10.1016/j.ceramint.2024.11.375
https://doi.org/10.1016/j.mseb.2024.117370
https://doi.org/10.1021/cm0617485
https://doi.org/10.1021/acs.jpcc.9b01942
https://doi.org/10.3390/app14219872
https://doi.org/10.1016/j.apsadv.2023.100418
https://doi.org/10.14744/sigma.2023.00070
https://doi.org/10.1248/cpb.60.543
https://doi.org/10.3390/gels7040275
https://www.ncbi.nlm.nih.gov/pubmed/34940335
https://doi.org/10.1002/adma.201807576
https://doi.org/10.1021/ed084p685
https://doi.org/10.1016/j.jwpe.2025.108626
https://doi.org/10.1016/j.apsusc.2023.158839
https://doi.org/10.1039/c6fd00214e
https://www.ncbi.nlm.nih.gov/pubmed/28267165
https://doi.org/10.1039/c8cs00320c
https://www.ncbi.nlm.nih.gov/pubmed/30059114
https://doi.org/10.1002/anie.201504135
https://doi.org/10.1021/acsaem.0c03103
https://doi.org/10.3390/gels12080670

	Introduction 
	Results and Discussions 
	Drying Temperature 
	Thermal Decomposition Process 
	Sintering Process 
	Photocatalytic Universality and Radical Active Species 
	Photocatalytic Mechanism 

	Conclusions 
	Materials and Methods 
	Preparation of BaTi5O11 Nanocrystal 
	Material Characterization 
	Photocatalytic LEV Degradation 

	References

