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The increasing prevalence of pharmaceutical pollutants in water bodies is a significant threat to public
health, and there is a need for a sustainable approach to their remediation. Ultrasound-assisted photo-
Fenton reactions are considered the most effective approach for active oxidation processes in sustainable
and environmentally friendly remediation. This study represents the step scheme (S-scheme) charge
transfer dynamics in FeOOH-anchored LaFeOs towards the degradation of ofloxacin (OFL) by harnessing
ultrasonic waves and simulated solar energy. The heterojunction with intimate interfacial contact and
ample oxygen vacancies (Oys) was fabricated through a facile two-step sol—gel and in situ coprecipitation
method. The optimized catalyst attains superior catalytic activity for sono-photo-Fenton OFL degradation
(92.3%) with a "k,pp" Of 21.95 min~%, which is 2.19 and 2.05 times higher than pristine semiconductors, and
an O, evolution rate of 1270 pmol h=! through water splitting. The enhanced catalytic activity is likely
ascribed to the facile separation and usage of photogenerated charges through a dynamic S-scheme
charge transfer route, the introduction of Oys, and continuous charge shuttling between Fet/Fe?t.
Comprehensive characterizations were undertaken to confirm the structural integrity and physico-
chemical attributes of the binary heterostructure. EPR, Raman, and XPS studies established the fabrication
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fer pathway. Systematic investigation of various parameters uncovers the catalyst's reaction kinetics, stabi-
lity, and durability. This dual-function catalyst can be considered a blueprint for the active oxidation

rsc.li/frontiers-inorganic process (AOP) for the degradation of toxic environmental pollutants and production of solar fuels.

approaches such as photocatalysis, electrocatalysis, and photo-
electrocatalysis have been undertaken.*® Among these, the

1. Introduction

Water pollution and energy scarcity are the two major issues
gripping the modern-day, rapidly advancing society. They
present serious warnings to human health and the ecological
equilibrium of the world."™ To combat these issues, various
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emerging sono-photo-Fenton process is a type of advanced oxi-
dation process (AOP) that synergistically combines sonolysis,
photocatalysis, and Fenton reactions to accelerate the degra-
dation of pollutant species via the reactive oxygen species
(ROS) pathway.” Besides, strongly interacting exciton pairs can
lead to e -h" separation, affecting charge carriers and
adversely impeding overall catalytic performance.® Therefore,
achieving effective charge uncoupling and optimizing band
positions are accredited as essential factors in enhancing the
sono-assisted photo-Fenton reaction (S-P-FR). The use of ultra-
sound (US) irradiation, along with a custom-made photo-
catalyst (semiconductor), efficiently removes widely spread
non-biodegradable organic toxic pollutants from water bodies.
US waves in a liquid medium generate alternating high- and
low-pressure zones, leading to the generation of the cavitation
phenomenon, which involves the genesis, growth, and collapse
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of local short-lived microbubbles and supercritical areas
within the medium. The collapse of these microbubbles gener-
ates high local temperatures and pressures (reaching over 1800
kPa and ~5000 °C) and reactive oxygen species (ROS) such as
HO™ and O, through a molecular oxygen activation (MOA)
process and cleavage of the H,O molecule. During the rapid
cooling phase, these radicals react with each other and
undergo a reaction with O, and H,0, creating a highly reactive
environment capable of oxidizing or reducing inorganic pollu-
tants.’ Besides, S-P-FR is a novel approach that harnesses the
unique benefits of ultrasound (US), UV-visible light irradiation,
and the Fenton reaction (Fe*'/H,0,) to produce highly reactive
‘OH (oxidizing E, = 2.73 eV), powerful oxidizing agents that
can break down a wide array of persistent contaminants.” The
core principle of the Fenton reaction involves the catalytic
decomposition of H,O, by Fe*' jons in an acidic medium to
produce additional "OH, which can oxidize organic pollutants
to a less/non-toxic form. The production of a significant
amount of 'OH radicals demonstrates a substantial capability
for the non-selective oxidation (degradation) of organic com-
pounds, occurring through a series of reactions. When com-
bined with US and light irradiation, the efficiency of the
process is significantly enhanced. Simultaneously, photo-
irradiation accelerates the production of ‘OH by photolyzing
H,0, and regenerating Fe*" ions.’

This calls for the development of smart photocatalysts such
as perovskites,'® graphene,'" LDH,'> MOF,"”” MXene,"
quantum dots,"> metal sulfides,'® and metal oxides'’ with
enhanced catalytic efficiencies. Nanomaterials like LaFeO;
(LFO), a visible active perovskite, have generated significant
excitement owing to their intriguing physicochemical, opto-
electronic, pyroelectric, ferroelectric, superconductive, and
piezoelectric features, which are extensively used in various
applications, especially in  heterogeneous  catalysis.'®
Furthermore, LFO can serve as a potential Fenton catalyst,
more precisely as a peroxide activator using the Fe’" and Fe**
redox cycle.'® The Fe**/Fe*" redox cycle can be accelerated by
creating surface atomic vacancies (oxygen), aiding in improved
S-P-FP activity. Oy are responsible for inducing defect states in
the semiconductor (SC) matrix that act as electron traps,
enhancing active adsorption and activation sites, rendering
engineered band gaps, increasing redox potentials, and being
effective towards pollutant degradation. Besides, the induced
lattice distortions in the SC matrix add to the active site’s
stability and the robustness of the SC.°

Recently, several studies have been reported on using LFO
as a photocatalyst in the presence of an oxidant. Photo-Fenton
removal of TC-HCI using LFO yielded a quite appealing degra-
dation efficiency within 1 h under optimal conditions.*!
Similarly, US-assisted Fenton-type mineralization of 4-chloro-
phenol using LFO yielded five times higher degradation
results compared with the individual AOPs.*> However, indi-
vidual photocatalyst systems often fall short in delivering
optimal catalytic performance due to limited exciton separ-
ation, restricted light absorption range, and the short-lived
nature of photogenerated charge carriers. As a solution to this,
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the concept of heterojunction formation (such as type I, type
II, Z-scheme, S-scheme) comes into play as a key engineering
strategy to enhance charge separation and transfer efficiency.
Besides, this strategy tends to introduce material stability
along with enhancing structural, morphological, and optical
properties.>*>” To conquer these hurdles concerning LFO, a
heterojunction is put up by the integration with an additional
semiconductor such as FeOOH (iron oxyhydroxide). FeOOH is
deemed suitable to be paired with LFO due to its light absorp-
tion properties and favorable VB-CB positions. Owing to its
promising n-type nature with E, ~1.5-1.9 eV, FeOOH is widely
applicable in catalytic processes and energy-harvesting
gadgets.”®!

In this work, we have designed a novel binary n-n hetero-
junction (LFO@FeOOH) via a combination of sol-gel and
in situ co-precipitation techniques (Scheme 1). The engineer-
ing of S-scheme charge transfer dynamics, US irradiation, and
Fenton reaction mechanisms leverages synergistic sono-photo-
Fenton degradation of OFL alongside sonophotocatalytic OER
through water splitting. The synergistic methodology fosters
strong interfacial contact and optimized charge carrier
migration between the two semiconducting materials while pro-
moting uniform nanocomposite formation with enhanced
structural stability and catalytic performance. The ROS gener-
ated through the MOA process is thoroughly examined in the
context of its influence by simulated solar irradiation and US
vibrations, which simultaneously facilitates efficient charge sep-
aration, mass transfer kinetics, and catalyst dispersion. The
accelerated Fe®'/Fe** cycle sustains the continuous Fenton
activity for enhanced "OH radical production. Furthermore, the
US cavitation enhances the mass transfer, catalyst dispersion,
and ROS generation, amplifying the degradation efficiency.

The successful construction of the LaFeO;@FeOOH hetero-
junction with controlled Oys and an S-scheme charge transfer
dynamics has demonstrated remarkable potential for advanced
environmental (OFL degradation) and energy applications (OER
from water splitting). The intimate interfacial contact between
LaFeO; and FeOOH not only enhances charge carrier separation
through the formation of a directional S-scheme heterojunction
but also preserves the strong redox potentials of exciton pairs.
The combined roles of Oy-assisted charge dynamics, S-scheme
interfacial engineering, and sono-photo-Fenton activation high-
light a robust strategy for designing multifunctional catalysts.
The combined influence of an internally generated electric field,
the sonication process, and the Fenton environment facilitates
efficient charge separation and migration toward the catalyst’s
surface. The sono-photo-Fenton process combines light
irradiation, ultrasonic effects, and the Fenton mechanism to
maximize ROS generation, including "OH and "O,".

2. Results and discussion
2.1. Material characterization

HRTEM analysis of the morphology of the FeOOH@LaFeO,
composite validated the nucleation of FFOOH nanorods (NRs),

This journal is © the Partner Organisations 2025
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Scheme 1 Method of LF13 fabrication using sol—gel and in situ coprecipitation methods.

with an average particle size of ~65 nm (LFO) and 407 nm
(FeOOH) (Fig. S1a and bf) over the surface of agglomerated
nanostructured LFO and the intimate interfacial contact, as
illustrated in Fig. 1a. Besides, Fig. 1b depicts close interfacial
contact between the pristine material (yellow dotted line),
suggesting binary heterojunction formation. Moreover, the
HRTEM fringe pattern image of the composite (LF13, particle
size ~110 nm, Fig. Sict) exhibits a d-spacing of 0.295 nm and
0.23 nm assigned to (121) and (021) planes of LFO and
FeOOH, respectively.’*>*® Fig. 1c depicts the FFT patterns
corresponding to the d-spacing images of the LF13 composite,
where the yellow circle in the FFT pattern image depicts the
presence of surface unsaturation arising out of missing atoms
at their sites (0,).>*° The circular diffraction spots monitored
in the SAED pattern reveal the polycrystallinity character of the
hetero-nanostructures (Fig. 1d). Moreover, the color elemental
mapping (Fig. S2at) and EDX (Fig. S2b¥) confirm the purity
and uniform elemental distribution of the constituent
elements (La, Fe, O) in the synthesized nanocomposite. The
FESEM image of the LF13 composite and LFO is pictured in
Fig. 1e and f, respectively.

The XRD patterns are presented in Fig. 2a, with peaks
indexed at (101), (121), (220), (202), (141), (240), and (242)
crystal planes correspond to the orthorhombic LFO nano-
structures (consistent with JCPDS File: 37-1493)*” having an
average crystallite size of 20.76 nm, with the Pnma space group
with lattice parameters of a = 5.56 A, b=7.854, and ¢ = 5.55 A,

This journal is © the Partner Organisations 2025

indicating the absence of any contamination phases.
Moreover, all the characteristic peaks for FEOOH are viewed at
(020), (310), (031), (051), (151), and (231) corresponding to the
orthorhombic state of y-FeOOH (lepidocrocite, consistent with
JCPDS card no. 74-1877) having a ~28.74 nm crystallite
size.’®?° Additionally, the XRD patterns of the composite
closely match those of the parent LFO and FeOOH, indicating
the uniform nucleation of LFO nanoparticles over FeOOH
nanorods. The absence of impurity peaks rules out the possi-
bility of secondary phase formation, which suggests the for-
mation of a binary heterojunction.*® This was additionally con-
firmed with the help of EDAX (Fig. S2bt), HRTEM fringe pat-
terns (Fig. 1b), and XPS survey spectra (Fig. S3ct).

The elemental content and valence states of the surface
LFO nanoparticles were analyzed using X-ray photoelectron
spectroscopy (XPS). The appearance of La(3d), Fe(2p), and
O(1s) is evident from the survey spectra of LFO, FeOOH, and
LF-13 nanoparticles (Fig. S31). The deconvolution of the indi-
vidual high-resolution La 3d, Fe 2p, and O 1s spectra was
carried out using Casa XPS software. The deconvoluted La 3d
spectra (Fig. 2b) also yielded six fitted peaks for LFO and LF13.
For LFO, the observation of two sets of peaks at lower binding
energy (BE), i.e., at 833.78, 835.10, and 838.32 eV, is attributed
to 3ds,, and two satellite peaks, respectively, and the peak set
at a higher BE of 852.07, 847.47, and 855.17 €V is attributed to
3d;, and two satellite peaks. For LF13, 830.12, 834.57 and
838.13 eV denote 3ds, and two satellite peaks, respectively,

Inorg. Chem. Front., 2025, 12, 5369-5388 | 5371
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Fig. 1 (a and b) HRTEM image of the LF13 composite with intimate interfacial contact. (c) Inverse FFT pattern of LF13 showing the presence of O,.
(d) SAED pattern of the LF13 composite and (e and f) FESEM image of LF13 and LFO.
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1s and (d) Fe 2p for LFO, FeOOH, and LF13.

whereas 850.98, 846.92 and 854.17 eV correspond to the 3d;/,
and two satellite peaks, respectively. A significant difference
between the BE of 3ds,, and 3d;,, suggests the presence of La**
in the LFO matrix.*' The O 1s spectra upon deconvolution dis-
plays three peaks for each of LFO, FeOOH, and LF13 (Fig. 2c).
The peaks at 529.18 eV (LFO), 529.67 eV (FeOOH), and 529.48
eV (LF13) correspond to the presence of crystal lattice oxygen
bonds of La-O and Fe-O (O.). For LFO, the peak at 531.38 eV
corresponds to the surface hydroxyl oxygen presence, while
530.97 eV (FeOOH), and 530.87 eV (LF13) are attributed to the
non-lattice ionic oxygen associated with Oy. In contrast, 533.48
eV (LFO), 532.86 eV (FeOOH), and 532.67 eV (LF13) correspond
to the weakly bound surface adsorbed oxygen (O,qs) species
such as "OH and "0,~.*? A decrease in the Oy is detected in the
composite compared with FeOOH. The presence of Oy, con-
firmed by the EPR results, enhanced the activity of the compo-
site. In contrast, excess Oy retards the reaction by acting as an
electron-trapping site, and reduced Oy makes the composite
defect free, affecting its activity. Hence, Oy can be considered a
“necessary evil” to enhance the activity of the composite.*’ The
Fe 2p spectra deconvoluted to six peaks for all the neat and
composite materials. For LFO, the Fe 2ps,, and 2p,,, (Fig. 2d)
are indexed at 710.16 and 723.88 eV (with satellite peaks at
718.89 and 732.88 eV). For FeOOH, the Fe 2p;/, and 2p,,, are

This journal is © the Partner Organisations 2025
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(a) PXRD spectra of LFO, FeOOH, and the various nanocomposites (LF) with varied molar ratios. Deconvoluted XPS spectra of (b) La 3d, (c) O

at 710.79 and 724.88 eV (with satellite peaks at 719.57 and
733.38 eV), whereas, the Fe 2ps/, and 2p;,, are indexed at 710.57
and 712.50 eV in the case of LF13, with satellite peaks at 719.28
and 732.97 eV. The peak fittings suggest the presence of mixed
valence states of Fe (+3 and +4) in LFO due to the loosely bound
oxygen species on the Fe’" site.** Also, Fe deficiency appears
due to the transformation of Fe*" to Fe*', which is evident in
the presence of Oy, reducing the activation energy, and facilitat-
ing the charge carrier recombination, resulting in reduced
activity. The addition of FeOOH (presence of +2 and +3 valence
states) aids in overcoming the Fe deficiency and also introduces
Oy into the composite, enabling Fe** to Fe**, resulting in varied
degrees of deviation owing to the different levels of interaction
between the Fe mixed valence states, and O atoms of
FeOOH.**** In short, the peak shifting depicted in La 3d, Fe 2p,
and O 1s of the LF13 composite substantiates the intensive
interaction along with heterojunction formation between LFO
and FeOOH. Thus, nucleating FeOOH nanorods over LFO nano-
particles expedites the formation of strong surface interactions
that drive efficient charge separation and migration. The
acquired XPS data confirms the presence of the LF13 binary
composite, consistent with the XRD and EDX outcomes.

The Raman spectra of pristine and composite materials are
shown in Fig. 3a-c. LFO with a orthorhombic Pnma space

Inorg. Chem. Front., 2025, 12, 5369-5388 | 5373
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Fig. 3 Raman spectra of (a) LFO, (b) FEOOH, and (c) stacked LF13 and pristine materials, (d) EPR spectra of LFO, FeEOOH, and LF13 with their corres-

ponding g-values.

group normally exhibits 24 Raman active modes at room temp-
erature as per reports.*”*® However, establishing all the modes
is tough for complex LFO oxides. The Raman spectra of pris-
tine LFO were recorded in the 50-1500 cm™" range, where six
signal peaks were observed for LFO positioned at 97, 159, 287,
429, 650, and 1317 cm ™. Of them, the signal peaks at 650 and
1317 cm™' showcase double (two) photon scattering, and the
rest exhibit mono photon scattering. The signal peaks at
97 cm™* correspond to the B;, mode, 159 cm™" correspond to
the La-O vibrations, and 287 and 429 ecm™" depict the La-O A,
mode and B3 g mode of Fe-O, respectively. The above modes
also correspond to the tilted and bending vibrations of the
FeOg octahedra. The signal peak at 650 cm™" is attributed to
the B,, symmetric stretching mode and basal oxygen of the
octahedra.*® For pristine FeOOH, distinct bands are identified
at 250, 301, 1300, 525, 652, 1062, and 1380 cm ™"
pond to the fundamental Raman modes, associated with
asymmetric stretching vibrations of metal-oxygen hydroxyl
groups.”®?® For the composite LF13, these characteristic peaks
of the individual components exhibit significant shifts in posi-

, which corres-

5374 | Inorg. Chem. Front,, 2025, 12, 5369-5388

tion and changes in intensity, reflecting strong interactions
between the two constituents. The increased intensity of the
LFO peaks and reduced intensity of FeOOH peaks in the com-
posite’s Raman spectra suggest the optimal presence of oxygen
vacancies, contributing to improved photocatalytic
performance.

To further validate the presence of defect states (surface
Oy), an EPR analysis was conducted, and the obtained result is
shown in Fig. 3d. The g-values are calculated using the follow-

ing equation:

hv
g§= BH (1)
where A, v, f, and H denote their conventional meaning. The
obtained g-value for LFO is 2.4 owing to the defect state arising
in the La-based perovskites.?” For FeOOH, the obtained g-value
(2.004) signifies the presence of a paramagnetic center,>
where an electron departed from Oy is confined near the
surface of the Fe**/Fe** redox pair to Fe>*~VO-Fe*". In LF13, an

This journal is © the Partner Organisations 2025
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observed signal around g = ~2.3 is ascribed to the presence of
surface Oy for LFO and FeOOH. The presence of Oys for LFO
and FeOOH is pictured well in Scheme S1.+

The surface area (SA) and distribution of pore sizes of a
catalyst are the key factors that determine the effectiveness of
the fabricated catalyst towards adsorption and photocatalysis
abilities.*® The determination of surface area, along with pore
distribution, undertaken, encompassing the
Brunauer-Emmett-Teller (BET) and the Barrett-Joyner—
Halenda (BJH) analysis, respectively, where Fig. S4t exempli-
fies the superficial characteristics of LFO, FeOOH, and LFO/
FeOOH through the N, adsorption-desorption isotherm
method. A type-IV adsorption isotherm is observed for the
pristine and the nanocomposite, showcasing a characteristic
H3 hysteresis loop that indicates a characteristic mesoporous
material.”® LF13 exhibited a mesoporous surface with a dia-
meter of 3.805 nm and a BET SA of 109.186 m” g™*. In con-
trast, LFO and FeOOH exhibited pore diameters of 3.076 and
3.837 nm, respectively, with BET SA of 38.668 and 98.517 m>
g, respectively, showcasing a boost in the overall surface area
of the neat LFO following modifications with the FeOOH
mixed phases. Additionally, the in situ preparation of the nano-
composite helps in the formation of finer-sized crystallites that
naturally have increased surface area due to a higher surface-
to-volume ratio. Hence, the composite displayed higher
adsorption capabilities and increased active sites owing to the
presence of mesoporosity and finer crystallite sizes, and
improved BET SA, which significantly boosted photocatalytic
activity.

The light-absorbing characteristics and band structure of
the photocatalysts examined using the UV-Vis diffuse reflec-
tance spectroscopy (UV-vis DRS) study illustrate the strong
absorption in the 200-800 nm range (Fig. 4a) relevant to the
dark and metallic nature of LFO, with an absorption edge
around 640 nm arising from the electronic transition between
VB and CB (O,, — Fe;q). Meanwhile, FeOOH and the compo-
sites absorb in the UV and visible regions. The absorption
spectra of the composites and the pristine materials suggest
that the prepared photocatalysts absorb in the visible light
region and can potentially serve as visible light active photoca-
talysts towards the degradation of organic pollutants. The
optical band gaps (E,) of the materials were determined from
the Tauc plot (Fig. 4b and c) using the Kubelka-Munk func-
tion, and were calculated to be 1.89 eV for LFO and 1.95 eV for
FeOOH, aligning well with earlier reported values in the
literature.*®>° The calculated flat band potentials (Eg,) of pris-
tine materials derived from the Mott-Schottky plot (Fig. 4d
and e) were found to be —0.73 and —0.51 V for LFO and
FeOOH, respectively, suggesting their n-type semiconductor
characteristics. Furthermore, VB XPS analysis (Fig. 4f and g)
revealed the VB edge positions of LFO and FeOOH to be 1.35
eV and 1.62 eV, respectively. From the above details, the calcu-
lation of the CB potential for LFO and FeOOH using the follow-
ing equation,

size was

ECB = EVB - Eg (2)

This journal is © the Partner Organisations 2025
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suggested a value of —0.54 and —0.33 eV, respectively, indicat-
ing that Ecp  is more negative compared with Ecg .
Following numerous reports, the Fermi level (E;) in n-type
semiconductors is typically 0.1-0.2 V lower than the Ecg.>’
Therefore, the E; for LFO and FeOOH were measured to be
—0.44 and —0.23 eV, respectively. Additionally, VB-XPS was
employed to evaluate the work functions.>*>® The work func-
tions (¢) of LFO and FeOOH were determined using the follow-
ing equation:

AV=0—p 3)

where ¢ represents the work function of the XPS instrument
(set to ~4.2 eV), and AV stands for the contact potential differ-
ence. AV is derived by measuring the difference in BEs
between the spectrum’s two inflection points (IPs) (Fig. S51).
Using the equation above, the ¢ of LFO and FeOOH were
noted to be 6.78 eV and 7.24 eV, respectively.

2.2. Evaluation of catalytic activity

2.2.1. Sono-photo-Fenton ofloxacin degradation. The sono-
Fenton (SF), photo-Fenton (PF), and sono-photo-Fenton (S-P-
FR) activity of the prepared catalysts are assessed based on
ofloxacin degradation, employing the molecular oxygen acti-
vation method by exposing the reaction systems individually to
US vibrations (SF), simulated light (PF), and both US vibrations
and simulated light (S-P-FR). The eventual reduction in the
characteristic absorbance hump of ofloxacin (OFL) at Amax
~289 nm is an explicit confirmation of its quantitative
degeneration.>® Following the PF reaction, the ofloxacin degra-
dation order from highest to lowest is LF12 (58%) > LF11
(54%) > LF13 (50%) > FeOOH (45%) > LF14, LFO (42%) due to
the vast light harvesting ability of the FeOOH and the formed
nanocomposites. In the case of the SF reaction, the degra-
dation order follows the trend LF11 (54%) > LF12, LFO (50%) >
LF13 (47%) > FeOOH (45%) > LF14 (40%). As such, the US
plays a dual role as a catalyst as well as a reactant, where the
reactant facilitates pollutant degradation through sonolysis by
the generation of oxidizing free radicals such as hydroperoxy
and hydroxyl, and promotes oxidative degradation as a catalyst.
Besides, the disruption of cavitation bubbles produces shock
waves, which enhance the catalyst dispersion and raise the
catalyst surface temperature, accelerating the reaction rate.
Furthermore, cavitation results in the formation of a highly
reactive, unpassivated surface. A complete reversal of the
degradation order is observed upon combining the US and
photoirradiation in the S-P-FR, which reads as LF13 (92.3%) >
LF12 (82%) > LF14 (80%) > LF11 (70%) > FeOOH (65%) > LFO
(55%). The observed catalytic activity (SF/PF/S-P-F) is illus-
trated in Fig. S6.7 The kinetic studies of the observed catalytic
activity towards OFL degradation (Fig. 5a-c) are investigated
using the Langmuir-Hinshelwood model, details of which are
mentioned in Text S7. The rate constant (k,p,) value was
derived as the slope of the In(C,/C;) vs. time (¢) plot depicted
in Fig. 5d-f, based on pseudo-first-order kinetics. The calcu-
lated kapp, R?, and t,,, values for the materials are summarized
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(@) UV-DRS spectra of the pristine and nanocomposites. (b and c) Tauc plot, (d and e) M-S plot, and (f and g) VB XPS plot of LFO and
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Fig. 5
following the Langmuir—Hinshelwood model.

in Table S1,f where LF13 shows a degradation efficiency of
92.3%, and exhibits kypp ~21.95 x 107> min~', R* = 0.913, and
t1/» = 32 min.

Further, the generation of ROS, accountable for driving the
catalytic reaction on the surface of the composite, is confirmed
through scavenger tests, TA-PL, and NBT, as depicted in Fig. 6.
The results of the scavenger test suggested that ‘OH and "O,~
were the primary ROS upon validation using the NBT and
TA-PL test. Besides, sono-photo-Fenton degradation of OFL is
subjected to various operational parameters such as anion and
cation study, gas purging, pH variation, and the oxidizer effect,
using the best nanocomposite LF13. The order of viewed reac-
tivity is as follows: CI~ > NO;~ > CO;>", K" > Ca®" > Mg”"; Ar >
N, > O,, H,O, > K,S,0g; and pH 5 > pH 7 > pH 3 > pH 9
(Fig. 7a-e). The reasons attributed to the observed trends are
elaborated in the ESI (Text S57).

Additionally, the reusability and stability of the nano-
composite LF13 are crucial factors in water treatment
methods, where LF13 was subjected to five consecutive experi-
ments (Fig. 7f). The OFL removal efficiency decreased by less
than 10% after the fifth cycle, indicating the catalyst’s strong
reusability, as confirmed by post-experimental analysis of the
nanocomposite through XRD, TEM, and UV analysis (Fig. S77).
The LC-MS analysis monitored the intermediary species
formed during the catalytic reaction (Scheme 2). Additionally,
a total organic carbon (TOC) was measured at 79% after 1 h,

This journal is © the Partner Organisations 2025

Time (min) Time (min)

(a—c) Relative concentration curve for OFL degradation and (d—f) its corresponding kinetics plot using pristine and nanocomposite materials

with the remaining percentage likely attributed to small mole-
cular intermediates, as corroborated by the LC-MS results.
Moreover, no ROS generation (responsible for OFL degra-
dation) was detected with light and US irradiation, but without
a catalyst, and with the catalyst but without light (dark con-
ditions) and US irradiations, as depicted in Fig. S9.1 This con-
firmed that both light and ultrasonication, along with the cata-
lyst, are essential for degrading OFL. Also, OFL does not
absorb light and US irradiations to undergo self-photolysis or
sonolysis, respectively.

2.2.2. Sonophotocatalytic OER from water splitting. The
OER performance of LF13 was evaluated for the sluggish
four-electron water oxidation reaction under sono-, photo-,
and sonophotocatalytic conditions using water and sacrificial
agents such as FeCl; and AgNO; (Fig. 8a and b). In sonopho-
tocatalysis, the highest OER rates were observed as
1270 pmol h™" and 965 pmol h™' for FeCl; and AgNO;,
respectively, which were higher compared with photocatalysis
(730 pmol h™" for FeCl; and 390 pmol h™" for AgNO;) and
sonocatalysis (112 pmol h™ for FeCl, and 94 pmol h™" for
AgNO;). This demonstrates the pivotal role of piezo-polariz-
ation in enhancing the photocatalytic activity of the binary
composite. A comparative OER activity plot is depicted in
Fig. 8c.

Compared with AgNO;, the superior activity in the FeCl;
solution is ascribed to the reduction of Fe** to Fe** by photo-
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Fig. 6 The (a) scavenger test, (b) NBT test, and (c) TA-OH test plots carried out using the best nanocomposite LF13.

generated electrons, which enhances the availability of holes
for water oxidation. However, the deposition of Ag/AgO on the
catalyst surface in AgNO; obstructs light penetration and
increases the solubility of the generated O, molecules.
Additionally, the reusability plot (Fig. 8d) indicates a slight
decline in the O, evolution rate with successive catalytic cycles,
primarily due to catalyst loss during the recovery process.
Table S3t1 presents a comparison of the OER performances
reported for different catalysts.

3. Origin of the improved catalytic
activity

The catalytic activity observed for the designed catalyst (pris-
tine as well as binary heterostructure) can be attributed to

many inherent characteristic features. To reveal the origin of
the improved activity of the catalysts, the separation and

5378 | Inorg. Chem. Front., 2025, 12, 5369-5388

migration of photogenerated charges, along with the S-P-F
mechanism, were systematically explored. Besides, light absor-
bance, separation and migration of photogenerated excitons
are crucial factors affecting photocatalytic activity.® To study
the spatial separation of photoexcited charge carriers,
researchers use photoluminescence (PL) emission spectra,
where lower steady-state PL intensity indicates a lower recom-
bination rate of photogenerated charges (by immediate
quenching of the generated electrons), corresponding to
higher photocatalytic activity (inversely proportional to the PL
peak intensity). The PL spectra (at A = 375 nm, Fig. 9a)
depicted an intense peak at 466 nm, responsible for the direct
radiative charge carrier recombination occurring within the
material. In contrast, the peak around 450 nm is ascribed to
the transition of the electrons from the CB to the sub-VB and
VB associated with all the samples.® Upon coupling FeOOH
with LFO, similar PL peaks are observed for the composites
but with reduced intensity, with LF13 having the lowest inten-
sity, which exhibits the highest charge carrier separation. This
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Fig. 7 Plots of OFL degradation subjected to various operational parameter tests using LF13: (a) anion test, (b) cation test, (c) gas sparged, (d)
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indicates that the presence of FeOOH in the LFO matrix
efficaciously reduces the excessive charge carrier recombina-
tion, easing the formation of a close radiative pathway via the
formation of an n-n junction. As a result, efficient charge
transfer occurs due to the creation of a built-in electric field
within the composite material. Besides, the rates of recombi-
nation are also governed by the existence of a heterojunction
interface, trapped defects, and interparticle diffusion
distance.*®

Moreover, to attest the greater lifetime of excitons of LF13,
time-resolved photoluminescence (TRPL) assessment was
employed, and the respective fluorescence decay curves are
fitted using biexponential decay functions represented in eqn
(4), depicted in Fig. 9b.>®

R(t) = Ay exp{—t/71} + A, exp{—t/72} (4)

where R, 4, ¢, and 7 represent normalized emission intensity,
amplitude, time after pulsed laser excitation, and exciton life-
time (z; = short lifetime, 7, = long lifetime) of the individual
components, respectively. z; and 7, represents the radiative
and non-radiative relaxation processes of photo excitons,
respectively. The 7, (average lifetime) was evaluated using the
following equation:

This journal is © the Partner Organisations 2025

Ay1q? + Apro?
A7y +Ar7y

Tavg = (5)

The calculated average lifetime of LF13 is 0.77 ns, which is
higher than pristine LFO (0.14 ns) and FeOOH (0.124 ns). This
indicates improved exciton separation and charge transfer
within the binary hybrid material owing to the incorporation
of FeOOH, resulting in enhanced catalytic activity.

The separation and transfer of photoproduced exciton were
examined using an electrochemical impedance spectroscopy
(EIS) study under simulated light (300 W) and zero bias
voltage. The Nyquist plot reveals a straight line in the low-fre-
quency region and a semicircle in the high-frequency region,
collectively representing the system’s charge transfer resis-
tance. The arc radius observed in the Nyquist plot provides
crucial insights into charge transfer resistance, charge separ-
ation efficiency, and the photocatalyst’s conductivity. In
Fig. 9c, the composite material exhibits the smallest semicircle
radius, signifying lower charge transfer resistance, improved
conductivity, and more efficient electron flow at the electrode-
electrolyte interface. This behavior is attributed to the robust
interfacial junction formed between LFO and FeOOH, which
greatly enhances the overall performance of the hybrid system.

In the case of the linear sweep voltammetry (LSV) results,
both LFO and FeOOH exhibited photocurrent response of the
anodic type which points out the n-type characteristic of the
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material. The recorded photocurrent responses (Fig. 9d) for
LFO, FeOOH, and LF13 are 38, 150 and 631 pA cm™ >, respect-
ively, which indicates the presence/availability of charge car-
riers. The photocurrent observations and the steadiness of
pristine LFO, FeOOH, and LF-13 nanocomposites were ana-
lyzed using the transient photocurrent study. The optimized
LF-13 catalyst exhibits a higher current density compared with
bare material, which reveals the efficient charge divergence
ability of the nanocomposite. The transient photocurrent
(TPC) plot as depicted in Fig. 9e, suggests the highest photo-
current density for the LF13 composite compared with the
neat and other composite variations, indicating an enhanced
lifetime of charge carriers. Hence, it is evident that the pres-
ence of FeOOH efficiently suppresses the exciton pair recombi-
nation by trapping or transporting them to the LFO/FeOOH
interfaces through the developed electric field.

Based on the above outcomes and discussions and the
probable band offset at the interface of pristine materials in
LF13 nanocomposite (Scheme S2t), we present a plausible
mechanism that proves the reaction pathway to be reasonable
towards the observed catalytic activity. LFO, when combined
with FeOOH and subjected to photo and US irradiation, under-
goes different reactions in two distinct phases, i.e., the solid
phase and the solution phase. The solid phase involves the

5380 | /norg. Chem. Front., 2025, 12, 5369-5388

photocatalytic reactions, whereas the solution phase involves
the sono-Fenton and photo-Fenton reactions only, occurring
simultaneously. Also, we mention the presence of both ex situ
and in situ Fenton reactions that aid in achieving the desired
degradation results. Besides, the photocatalysis reaction
involved in the solid phase can probably follow two mechanis-
tic pathways: type II and S-scheme.

Upon introducing FeOOH into the LFO matrix, a type II
(staggered) heterostructure forms due to both pristine
materials’ broad light-harvesting range (as evident from the
UV-DRS study). The band structure examination suggested that
both LFO and FeOOH possess appropriate VB and CB posi-
tions suitable for transmitting e~ and h*. When the two SCs
come in close contact, e~ transmission is propelled from its
higher (CByro) to lower (CBgeoon) concentration region owing
to the difference in the Fermi energy (E¢). Similarly, the trans-
mission of h's occurs from VBgeoon (higher) to VB po (lower)
following the concentration gradient. Hence, for photocatalytic
reactions, CBgeoon and VB, o serve as ideal e~ and h' centers,
respectively. Although the band structure satisfies the type II
arrangement, the heterojunction also comes with its demerits.
Thermodynamically, enhanced charge separation in a type II
arrangement reduces redox capability, which is unfavorable for
photocatalytic reactions. Also, dynamic inter electron (CBpgo)

This journal is © the Partner Organisations 2025


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5qi00648a

Open Access Article. Published on 06 May 2025. Downloaded on 5/8/2026 1:13:50 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Inorganic Chemistry Frontiers

1400

a FeCI

12004

1000 4

174 times

800

11.4 times

600 -

400 -

O, Evolution Rate (umol/h)

n

[=3

o
1

Photo

Sono

Sonophoto

FeCl +LF13

Evolution Rate (umol/h)
[=2] © r-o‘
(=] (=4 (=4
o o o

)
w
o
>

AgNO, FeCl,
| = =N

o
1

AgN03+LF13|

Catalytic Activity

View Article Online

Research Article

,\1ooo-b AgNO,
=
© g
£
g 800- s
2 @ N
< £
o 600- £
©o
s S
3 400+
(]
>
w
N
S 2004

.| I

Sono

Sonophoto Photo

1400+ I FeCl; M AgNOg

Nl

Catalytlc Cycle

1200

1000

800

600

Evolution Rate (umol/h)

0,
N S
S 8

o

Fig. 8 O, evolution rate over LF13 in the presence of different sacrificial agents: (a) FeCls, (b) AGNOs, (c) comparative plot, and (d) reusability plot.

and inter hole (VB go) repulsions hinder the smooth flow of
charges. Additionally, electrostatic attraction between e~ and
h* within each photocatalyst further obstructs exciton move-
ment. Thus, the traditional type-II heterojunction remains
inefficient towards exciton separation and does not help
achieve the desired results corresponding to the redox per-
formance, necessitating reassessment.

Looking at the W, VB, CB, and overall energy band structure
of the individual semiconductors, along with their respective
band potential corresponding to specific applications or reac-
tive species generation (based on feasibility), the proposed
sono-photo-Fenton reaction pathway involves the integration
of the photocatalytic S-scheme heterojunction mechanistic
charge flow pathway along with the US cavitation effect in the
presence of a Fenton reaction environment, as depicted in
Scheme 3. Pristine FeOOH exhibits a more significant work
function compared with LFO, indicating that the E¢ of LFO is
greater than that of FeFOOH. When the two SCs come in close
contact, free electrons spontaneously rearrange, and electrons
flow from LFO to FeOOH (lower to higher ¢) until their Fermi
levels equalize at the interface. This e™ transfer results in LFO
becoming positively charged due to the loss of electrons,
forming an electron depletion region, while the interface of
FeOOH becomes negatively charged due to electron accumu-

This journal is © the Partner Organisations 2025

lation. This establishes a built-in electric field (BE) known as
the space charge region, directed from LFO to FeOOH, which
later enhances the propagation of photogenerated electrons
from the CBgeoon to the VBiro. By virtue of this region, the
LFO and FeOOH energy bands at the interface undergo
upward and downward bending, respectively, enabling the
development of a potential barrier at a noted height and
further preventing the Type II transfer. This internal electric
field balances the Fermi levels of FeOOH and LFO, preventing
further electron transfer across the interface. Upon light
irradiation, electrons are stimulated from the VB to the CB in
both LFO and FeOOH. The internal electric field, band
bending, and Coulomb interactions cause the photoexcited
electrons in CBpepon to migrate to the VB ro and recombine
with h's. This process leads to the retention of highly reductive
electrons in the CByyo and highly oxidative h's in the VBgcoomn-
This facilitates the efficient transfer of photogenerated elec-
trons from the LFO/FeOOH (LF13) to the photocatalyst surface,
which acts as an electron sink due to weak van der Waals
forces that promote its adsorption onto the photocatalyst
surface. Thus, the S-scheme heterojunction pathway offers
advantages for separating photogenerated e /h" besides pre-
serving high redox potential. The higher-reduction-potential
electrons in LFO react with dissolved O, to form ‘O,~, which

Inorg. Chem. Front,, 2025, 12, 5369-5388 | 5381
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Fig. 9 The (a and b) PL and TRPL spectra excited at 375 nm; (c) electrochemical impedance spectroscopy (EIS) spectra, (d) linear sweep voltamme-
try (LSV) plot, and (e) transient photocurrent (TPC) plot for the pristine and nanocomposite materials.

produces H,O, (primary reaction), resulting in further
decomposition which leads to the generation of *OH, while the
strong oxidizing h's in FeOOH oxidize H,O to generate ‘'OH
(not so contributing reaction), as depicted in eqn (6)-(14). This
mechanism confirms that the S-scheme heterojunction is ben-

5382 | Inorg. Chem. Front, 2025, 12, 5369-5388

eficial for efficient e /h" separation, thereby enhancing photo-
catalytic performance.

Besides the reactions in the solid phase, the solution phase
reactions significantly add to the ofloxacin degradation per-
formance, represented in eqn (15)-(25). These reactions

This journal is © the Partner Organisations 2025


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5qi00648a

Open Access Atrticle. Published on 06 May 2025. Downloaded on 5/8/2026 1:13:50 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

[{ec

Inorganic Chemistry Frontiers

a Before contact

L

©=7.29eV PIEDIB OV

LaFeO,

FeOOH

View Article Online

Research Article

b After contact

IEF

a

VB

LaFeO,
FeOOH

c After hv & US irradiation in the presence of Fenton Environment

Degraded
products

OFL Degraded
products

77 ‘l
;\\\\\ P> heat

H.0, OH"
\h_j
\"

Degraded
products

OFL

hv
Solution phase

J

7

/U,K'

heat G— e

Solid phase

Scheme 3 The pathway involved in the sono-photo-Fenton ofloxacin degradation and the OER.

involve in situ and ex situ SF as well as PF reactions. Here, we
consider that the generation of in situ H,O, plays a crucial role
in the degradation mechanism along with the external

This journal is © the Partner Organisations 2025

addition of H,0, (which takes part in the ex situ reaction).
When US waves are applied to the reaction system, sonolumi-
nescence, hot spot, and cavitation effects are the major players
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responsible for the SF performance. Through the cavitation
effect during sonoluminescence, US irradiation generates
visible light with a relatively broad wavelength range. Also, the
“hot spot” phenomenon involves the generation of heat
through the US cavitation in an aqueous medium capable of
decomposing water molecules to ‘OH, "HO,, and H,0,. The
resulting H,O, molecules can be converted into "OH radicals
in situ and ex situ through further US irradiation. Moreover, in
a Fenton environment, an optimum amount of Fe salt is
necessary for a Fenton reaction, where the complete conver-
sion of Fe** to Fe®* ends the reaction. To keep the reaction
going, Fe** ions must be periodically added, which is compen-
sated by the presence of the LFO@FeOOH heterojunction,
depicted in eqn (26)-(28). Besides, a sono-appropriate SC
reacts with electrons to generate additional free radicals. The
heat energy from the “hot spots” can also excite the catalyst to
form e™-h" pairs, thereby generating even more reactive oxidiz-
ing species. Hence, the convincing sono-photo-Fenton mecha-
nism can be summarised in the following equations.
Reactions in the solid phase:

LF13 + hv — h™(VB) + e (CB) (6)
LF13+)))) — hyg™ +ecs™ (7)
At VBgeoom:
h* 4+ Hy,0 — OH g5 + H' (8)
h* + OHads™ — OH'ads 9)
At CByro:
e +0, >0, (10)
e +0, +2H" — H,0, (11)
0,"” +0,"” +2H" — H,0, + 0, (12)
0,"” +Hy0 — OH,gs" +OH™ (13)
0,"” + H,0, — OH,gs" + OH™ + O, (14)
Reactions in the solution phase:
By Av irradiation:
Fe’" + H,O + hv — Fe*™ + OH" + H' (15)
OH’ + HO," — Hy0 + O, (16)
HO,' + HO;" — Hy0, + O, (17)
H,0; + hv — 20H" (18)
By US:
0,+))) — 20° (19)
H,0 + 0" — 20H" (20)
Fe*™ + OH" — Fe*™ + OH~ (21)
OH’ + OH" — H,0, (22)
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H' 4+ OH' — H,0 (23)
H' + H,0, — OH' + H,0 (24)
Fe’t + H — Fe*" + H' (25)

Reactions induced by the Fenton environment:

Fe’t + H,0, + HY — Fe’" + OH' + H,0
(inacidic medium) (26)
Fe’* + OH' — Fe’* + OH~ (27)
OH’ + OH" — H,0, (28)
Ofloxacin degradation:

Ofloxacin + OH" (ROS) — H,0 + CO, (29)

+ other degradation products

The novel application of an S-scheme heterojunction into
an S-P-FR system synergistically enhances the exciton pair sep-
aration, redox ability, and ROS generation. Unlike the tra-
ditional PF and SF systems, the S-scheme mechanism selec-
tively transfers high-energy electrons and holes while discard-
ing low-energy carriers, improving catalytic efficiency. The US
cavitation effect further boosts "OH radical production, catalyst
dispersion, and charge dynamics. This approach helps in over-
coming pH limitations, enhancing visible-light absorption,
reducing Fe-leaching through sustainable Fe** regeneration,
and enhancing the catalyst stability. Compared with previous
studies, this method uniquely integrates sonocatalysis, photo-
catalysis, and Fenton chemistry, enabling a highly efficient
and sustainable AOP for antibiotic degradation.

The OER mechanism in the presence of FeCl; as a sacrifi-
cial agent involves the interaction between Fe*' ions and
photogenerated charge carriers, facilitating enhanced charge
separation and improved oxygen generation. In the presence of
FeCl,, electron scavenging by Fe*" minimizes electron-hole
recombination, while increased hole availability accelerates
water oxidation to O,, and cyclic regeneration of Fe** sustains
the catalytic process, enhancing OER efficiency. The combi-
nation of photoexcitation, piezoelectric polarization, and Fe**
scavenging significantly improves the O, evolution rate. Here
is a stepwise breakdown of the mechanism:

LF13 + hw+))) — ecg™ + hyg™ (30)
2H,0 + 4h™ — 0, + 4h™ (aq.) (31)
Fe’* +ht — Fe*" (32)

Fe*™ + H,0 — Fe*™ + 0, (33)
LF13 + hv+))) — eys + hyg* (34)
h' +Agh — Ag>" (35)

Ag" + H,0 — Ag,0, + 4h* (aq.) (36)

This journal is © the Partner Organisations 2025
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Ag,0, +2hT — 2A¢7 + 0, (37)

Hence, the accelerated catalytic performance of LF13 semi-
conductor is ascribed to the following reasons:

i. The construction of FEOOH@LaFeO3 binary heterojunction:
the intimate interfacial interaction between FeOOH and
LaFeO; facilitates the transfer of exciton pairs, reducing charge
recombination and increasing the availability of active species
for pollutant degradation. Also, the anchoring of FeOOH on
LaFeO; increases the surface area and availability of catalytic
sites, thereby augmenting the interactions between the photo-
catalyst and pollutant.

ii. Presence of ample surface Oys: Oys behave as shallow elec-
tron trap states, inhibiting the surface and bulk recombination
rate as well as acting as electron donors, hiking charge carrier
density. Oy enhances the light absorption ability by the intro-
duction of mid-gap states. Oys also facilitate H,O adsorption
and dissociation over the surface, which is critical in water
splitting reactions.

iii. S-scheme charge transfer dynamics: S-scheme pathway
facilitates a selective recombination of low-energy excitons at
the heterointerface, preserving high-energy e™s and high-
energy h's in the reduction-side (CB) and oxidation-side (VB)
of the semiconductor. In the present system, visible light
irradiation stimulates both the catalysts and helps in the for-
mation of exciton pairs. The photogenerated electrons in
CBreoon and the holes in VBp,peo,, Which have comparatively
lower redox potentials, recombine at the interface. This selec-
tive recombination method preserves electrons with consider-
able reducing capacity in LFO and holes with high oxidizing
potential in FeOOH, which are then utilized for redox reac-
tions, OFL degradation, and oxygen evolution.

iv. Ultrasonic irradiation generated acoustic cavitation: ultra-
sonic cavitation results in the formation of localized regions
characterized by extremely high temperatures and pressures,
promoting the production of ROS such as "OH and H,0,. Also,
ultrasound enhances mass transfer and accelerates the Fe**/
Fe*" redox cycle, improving the overall catalytic activity.

v. Fenton reaction: the Fenton reaction is crucial in enhan-
cing photocatalytic activity by facilitating the production of
highly reactive "OH, which are essential oxidative species for
the fast destruction of organic contaminants. In this reaction,
Fe** ions interact with H,0, to generate ‘OH radicals and Fe®",
Owing to the abundant Fe-sites, FeOOH acts as an efficient
Fenton catalyst, simultaneously oscillating between Fe** and
Fe** oxidation states due to photogenerated electrons and
ultrasonic cavitation. Moreover, the sono-assisted environment
enhances the breakdown of H,0, and optimizes the dispersion
and reactivity of intermediates.

vi. Synergism among Ov, binary heterojunction, light
irradiation ultrasonication, and S-scheme charge transfer
pathway: upon light irradiation, both of the pristine materials
generate excitons; however, the S-scheme mechanism facili-
tates the recombination of low-energy electrons-holes at the
interface selectively, without disturbing high-energy charge
carriers having superior redox ability for reactions. The

This journal is © the Partner Organisations 2025
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process is further supplemented by ultrasonication, inducing
acoustic cavitation, creating shockwaves, micro-jets, and loca-
lized hot spots, which augment H,0, activation and increase
surface accessibility. This collaborative interaction guarantees
effective charge separation and increased ROS production
while promoting OER during water splitting.

4. Conclusions

This is the first study showing the successful design and intro-
duction of a robust binary LaFeO;@FeOOH heterostructure
following a facile two-step fabrication strategy to explore the
integration of S-scheme charge transfer with ultrasonic-
assisted photo-Fenton catalysis, achieving efficient degradation
of antibiotic (OFL) and water splitting. The synergistic effects
of oxygen vacancies, built-in electric fields, and cavitation-
driven ROS generation enable superior charge separation and
redox performance toward water treatment to prevent anti-
biotic resistance of OFL. The fabricated catalyst exhibited an
efficient OFL degradation of 92.3% in 1 h via the MOA method
and an OER of 1270 pmol h™" through water splitting under
the influence of both ultrasonic vibration and simulated solar
light via the MOA method. The presence of Oy triggers fast
charge migration and facilitates more active sites for surface
catalytic reactions. This work presents a sustainable approach
for environmental cleanup and energy applications, serving as
a model for next-generation multifunctional catalysts.
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