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This study presents a OH- concentration-regulated one-step hydrothermal synthesis of a novel
SrBi4Ti4O15/BiOCl heterojunction for efficient antibiotic degradation. Precise control of alkaline conditions
enabled the in-situ generation of Ti-Cl bonds at the heterointerface, with their presence and nature fur-
ther corroborated by Raman and XPS analyses. The SBTO/BOC heterojunction demonstrated significantly
enhanced charge separation, achieving a 91.5% tetracycline degradation rate under illumination, outper-
forming pure BiOCl (71.9%) and SBTO (54.8 %). Radical trapping and EPR studies identified *0O,~ and "OH
as the primary reactive species. The catalyst exhibited robust stability, broad pH tolerance, and resistance
to ionic interference. Tetracycline degradation efficiency further improves under combined light and ultra-
sonic irradiation, leveraging piezoelectric polarization to boost charge separation. LC-MS analysis revealed
reduced toxicity of degradation intermediates. This work highlights the strategic role of OH~-mediated

Charge separation

interface engineering in designing efficient ferroelectric heterojunctions for wastewater remediation.

© 2026 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Antibiotics are crucial therapeutic agents in clinical and vet-
erinary medicine for combating infectious diseases [1]. However,
their widespread use has led to significant environmental release,
necessitating effective wastewater treatment technologies. Current
methods for antibiotic removal include ion exchange [2], electro-
chemical techniques [3], adsorption [4], and photocatalysis [5-10].
Among these, photocatalytic degradation has emerged as a promis-
ing, green, and energy-efficient advanced oxidation process (AOP).
It utilizes solar energy to generate reactive oxygen species that can
mineralize antibiotic residues [11-15]. The core of this technology
lies in the development of efficient photocatalytic materials [16].
Research in this field expanded significantly after Fujishima and
Honda’s 1972 report on photoelectrochemical water splitting using
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TiO, [17]. Since then, exploration has broadened to include vari-
ous materials, from wide-bandgap metal oxides to narrow-bandgap
chalcogenides and complex perovskites [18-21].

Recently, layered bismuth-based (LBB) materials, such as SBB,
ABB, SABB, and S/ArBB structures, have shown excellent visible-
light photocatalytic activity [22-26]. Intriguingly, the phase and
type of these bismuth-based materials can be rapidly altered by
varying the alkalinity (pH) of the synthesis solution [27]. A promi-
nent strategy to enhance performance is constructing heterojunc-
tions (e.g., Z-scheme [28-32], type-Il [33], p-n [34]), which im-
prove charge separation efficiency and redox capabilities compared
to single-component catalysts [35-36]. An example is our team’s
construction of an Au/MIL-101(Fe)/BiOBr S-scheme heterojunction
for pollutant degradation [37]. However, most heterojunctions are
fabricated via physical blending or multi-step processes, which of-
ten introduce defects or weak interfacial bonding, compromising
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charge transfer and practical utility. Therefore, the rational design
of heterojunctions with precise interface control, high stability, and
effectiveness in complex environments continues to be a critical
research challenge.

SrBi4Ti4O¢5 (SBTO) combines benefits of piezoelectric, per-
ovskite, and layered bismuth-based semiconductors, granting it ex-
cellent chemical stability, visible-light response, and photocatalytic
potential [38]. However, research on SBTO has mainly focused on
piezoelectric ceramics, with its photocatalytic applications remain-
ing relatively unexplored [39]. Bismuth oxychloride (BiOCl, BOC) is
a layered ternary oxide valued for its environmental compatibility,
chemical stability, cost-effectiveness, and strong oxidation capac-
ity [40-42]. Constructing an SBTO/BOC heterojunction could thus
synergize the strengths of both materials. Although adjusting solu-
tion pH is known to yield different bismuth-based products, the
underlying mechanism is not fully understood [27]. It is plausi-
ble that in-situ heterojunction formation could occur under spe-
cific pH conditions, yet no studies have reported such a precisely
controlled, in-situ pH-regulated synthesis strategy for these hetero-
junctions.

This study demonstrates the in-situ construction of an
SBTO/BOC heterojunction via a one-step hydrothermal method by
precisely controlling the NaOH molarity. Under well-regulated al-
kaline conditions, the Cl atoms within BOC form chemical bonds
with Ti atoms in SBTO, resulting in the generation of a tightly
integrated SBTO/BOC heterointerface. XRD was systematically em-
ployed to monitor the phase evolution, confirming the gradual
growth of SBTO on BOC nanosheets. Theoretical calculations, com-
bined with ex situ and in situ XPS as well as in situ Kelvin probe
force microscopy (KPFM), provide mechanistic insights into the for-
mation of the heterojunction. Photoelectrochemical analyses reveal
that the heterojunction exhibits significantly enhanced charge sep-
aration kinetics compared to pure BOC or SBTO. Moreover, the
optimized SBTO/BOC heterojunction demonstrates superior perfor-
mance in tetracycline (TC) degradation, achieving a degradation ef-
ficiency of 91.5% under simulated sunlight irradiation-substantially
higher than those of the individual components and maintains sta-
bility over a wide pH range. This work establishes a novel strat-
egy for designing stable and efficient photocatalysts through pH-
mediated interface engineering, which will provide essential guid-
ance for designing advanced materials for treatment of antibiotic
wastewater.

The synthesis processes for the SBTO/BOC composite, as well
as pure SBTO and BOC, are illustrated in Fig. 1a. In this study,
aggregated BOC nanosheets were successfully achieved through a
one-step hydrothermal approach by adding 0.7 mol/L NaOH solu-
tion to a final volume of 35mL. By fine-tuning the concentra-
tion of NaOH solution to 1mol/L, we were able to control the
proportion of SBTO nanosheets grown on BOC. And orthogonally
stacked SBTO nanosheets were synthesised when the concentra-
tion of NaOH solution to 1.7 mol/L. The reasons for the evolution
of crystal structure may be as follows: The phase evolution from
BOC to SBTO is governed by the OH™-dependent hydrolysis equi-
librium of Bi3t. At low NaOH concentration (0.7 mol/L), limited
hydrolysis favors cationic bismuth species (e.g., Bi3*, Bi(OH)?t),
which rapidly combine with Cl~ to form BOC, consuming most bis-
muth and suppressing SBTO nucleation [40,43]. Conversely, at high
NaOH concentration (1.7 mol/L), enhanced hydrolysis generates sol-
uble [Bi(OH)4]~, whose electrostatic repulsion with Cl~ inhibits
BiOCl formation [39]. Here, Sr2* acts as a bridge, attracting an-
ionic [Bi(OH)4]~ and Ti-complexes to promote SBTO crystallization
[37,41]. At an intermediate concentration (1.0 mol/L), BiO*/Bi(OH)3
and [Bi(OH)4]~ coexist, enabling concurrent growth of both phases
[27]. The intimate contact between forming BOC and SBTO facili-
tates in-situ Ti-Cl bond formation, creating a coherent heterojunc-
tion as confirmed by XPS and HRTEM.
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Fig. 1. (a) Schematic representation of the synthesis procedure for BOC, SBTO, and
their composite heterojunction (SBTO/BOC). (b) XRD patterns and (c) Raman spec-
trums of samples synthesized at different concentrations of NaOH solution of 0.7,
1.0, 1.2, 1.5 and 1.7 mol/L, respectively.

As shown in Fig. 1b and Fig. S1 (Supporting information), when
the NaOH concentration was set at 0.7mol/L, the XRD pattern
matched well with the standard diffraction peaks of BOC (JCPDS
No 01-085-0861). Increasing the NaOH concentration to 1.7 mol/L
resulted in a diffraction pattern that closely corresponded to that
of SBTO (JCPDS No 00-43-0973). The SBTO/BOC heterojunction
was successfully synthesized within the NaOH concentration range
from 0.9mol/L to 1.5mol/L, where the characteristic diffraction
peaks of SBTO gradually intensified. Moreover, XRD patterns col-
lected at different reaction times clearly illustrate the progressive
conversion of BOC into SBTO at 1.0 mol/L NaOH (Fig. S2 in Support-
ing information), confirming the above explanation and directly
supporting the in situ growth mechanism of the SBTO/BOC hetero-
junction.

Raman spectroscopy enables precise identification of functional
groups. As shown in Fig. 1c, at 0.7 mol/L OH-, peaks at 62.5cm™!
and 147.5cm~! are assigned to Bi-O bending in (Bi,0,)2t layers
and asymmetric Bi-Cl bending, respectively [43]. With increasing
OH~ concentration, Bi-Cl peaks near 152.4cm~! weaken, while
a Bi-O vibration at 81.8cm~! emerges in SBTO. Notably, a peak
at 162.7cm!, attributed to the Ti-Cl bond [44], appears promi-
nently at 1.0mol/L NaOH, confirming interfacial bond formation
under optimal conditions. Raman data also indicate effective Ti-Cl
bonding after 20h (Fig. S3 in Supporting information). Peaks at
277.5cm™! and 854.3cm™! (A1g) correspond to tilting/bending
and symmetric expansion of (TiOg)?~ octahedra, respectively [45].
These results, together with IR absorptions at 1045cm~! (Bi-Cl)
and 1774cm~! (Ti-Cl) in Fig. S4 (Supporting information), provide
definitive evidence for the successful construction of the SBTO/BOC
heterostructure.

SEM and TEM images (Figs. S5 and S6 in Supporting informa-
tion) show a clear evolution in morphology with increasing NaOH
concentration. The elemental compositions ratios (measured by
EDS in SEM) analysis (Table S1 in Supporting information) further
reveals a gradual decrease in Cl content and a concurrent increase
in Sr as OH~ concentration rises. A similar trend-declining of CI
and increasing of Sr are observed with prolonged reaction time
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Fig. 2. Theoretical understanding of the promotion effect of the SBTO/BOC cocatalyst: (a) Visual representation of structures of BOC (002) surface and SBTO (010) surface
before contact and (b) SBTO/BOC interface with Ti-Cl bonds are combined together after contact and (c) calculated charge density difference of SBTO/BOC interface. (d) ELF
image of SBTO/BOC. Ex situ and in situ XPS profiles of BOC, SBTO/BOC and SBTO: (e) Ti 2p, (f) Cl 2p, (g) Sr 3d.

(Table S2 in Supporting information). N, adsorption-desorption
isotherms (Fig. S7 in Supporting information)) display H3-type hys-
teresis, with BET surface areas of 40.4, 74.8, and 25.6 m?/g for BOC,
SBTO/BOC, and SBTO, respectively (Table S3 in Supporting infor-
mation). Moreover, the SBTO/BOC heterojunction shows a smaller
contact angle (Fig. S8 in Supporting information) than pure BOC or
SBTO, indicating improved hydrophilicity beneficial for photocat-
alytic degradation in aqueous environments [46].

To confirm Ti-Cl bond formation, theoretical modeling was em-
ployed to simulate interfacial bonding configurations. As shown in
Fig. 2a and b, the BOC (002) and SBTO (010) planes spontaneously
form a stable interface via Ti-Cl bonding. The charge density differ-
ence (Fig. 2¢) reveals electron accumulation (yellow) around Ti and
depletion (cyan) near Cl, indicating electron transfer from BOC-Cl
to SBTO-Ti and confirming the polar covalent nature of the Ti-Cl
bond, essential for establishing an internal electric field (IEF). The
electron localization function (ELF, Fig. 2d) further shows greater
delocalization around Cl near SBTO, suggesting its role as a "charge
transfer bridge." This covalent interaction, enabled by Ti 3d and
Cl 3p orbital hybridization, strengthens interfacial coupling and fa-
cilitates efficient charge separation and migration. The Ti-Cl bond
thus serves as a direct chemical and electronic bridge, accelerating
carrier transfer by lowering energy barriers and enhancing orbital
overlap between SBTO and BOC.

In situ and ex situ XPS analyses were conducted to elucidate
the electron transfer behavior among the samples. Survey spectra
(Fig. S9 in Supporting information) confirmed no detectable im-
purities except minor carbon signals. After accounting for the Bi
4ds), signal at 466.6eV [47], the Ti 2p spectrum of the composite
(Fig. 2e) reveals two distinct sets of peaks: Ti-O bonds at 463.9 eV
(Ti 2pqj,) and 458.4eV (Ti 2p3p,), and Ti-Cl bonds at 464.7 eV and
458.7 eV [48]. The Ti-Cl to Ti-O area ratio of ~0.32 provides quan-
titative evidence for substantial interfacial Ti-Cl bonding. Under
dark conditions, Ti-O peaks in SBTO/BOC show a negative shift
(~0.1eV) relative to pure SBTO, suggesting electron accumulation
around Ti. Under illumination, these peaks shift positively, indicat-
ing electron migration from SBTO to BOC. In the Cl 2p spectrum

(Fig. 2f), peaks at 198.5eV and 196.7eV correspond to BOC [49],
while those at 199.1eV and 197.2eV are assigned to Ti-Cl bonds
[50]. The Ti-Cl related Cl 2p peaks are positively shifted compared
to pure BOC. These opposite binding energy shifts between Cl 2p
and Ti 2p strongly indicate electron transfer from BOC to SBTO via
the Ti-Cl interface. Consistent trends are observed in the Sr 3d re-
gion (Figs. 2g) [51]. Collectively, XPS results reveal that electrons
migrate from BOC to SBTO in the dark, while translate from SBTO
to BOC under illumination.

The charge transfer dynamics within the SBTO/BOC hetero-
junction were investigated through detailed band structure anal-
ysis. UV-vis DRS (Figs. 3a and b) yields bandgap energies (Eg) of
3.26eV for BOC, 3.23eV for SBTO/BOC, and 3.28 eV for SBTO, re-
spectively. The similar Eg values (Fig. S10 in Supporting informa-
tion) indicate that bandgap width is not the major contributor
to the enhanced photocatalytic performance. XPS measurements
(Fig. 3c) place the valence band (VB) maxima at 2.19eV for BOC
and 1.91eV for SBTO and the VB positions of BOC and SBTO are
1.97eV and 1.69eV after correction. Then the corresponding con-
duction band (CB) potentials of —1.29eV and —1.59eV for BOC and
SBTO, respectively. The Fermi level (Eg) was estimated via DFT-
calculated work functions. Electrostatic potential maps (Figs. 3d
and e) give ¢(BOC)=2.63eV and @ (SBTO)=3.38 eV. Consequently,
upon contact, electrons spontaneously transfer from BOC to SBTO
to align their Fermi levels, consistent with ex situ XPS results.
Mott-Schottky plots (Fig. 3f) confirm p-type behavior for SBTO
(negative slope) and n-type for BOC (positive slope). Based on
these results, the band alignment is schematically illustrated in
Figs. 3g-i. The Er of BOC is higher than SBTO before contact, which
results in electron transfer from BOC to SBTO, causing upward
band bending in BOC and downward bending in SBTO after het-
erojunction formation (Fig. 3h). Under the conditions of both light
and ultrasound (Fig. 3i), the piezoelectric field in SBTO aligns with
the IEF, further bending the bands and promoting charge separa-
tion. The band bending promotes electrons accumulation in the CB
of BOC and holes accumulation in the VB of SBTO, thereby facili-
tating redox reactions for pollutant degradation.
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Fig. 3. (a) UV-vis DRS and (b) band gap plots of BOC, SBTO/BOC and SBTO. (c) VB-XPS spectra of BOC and SBTO. (d, e) Electrostatic potentials of BOC and SBTO. (f) Mott-
Schottky curves of SBTO/BOC, BOC (inset), and SBTO (inset). (g-i) Band structure and electron flow mechanism of the SBTO/BOC heterojunction at before contact state, after

contact state and light irradiation state, respectively.

KPFM was employed to probe charge separation dynamics by
measuring the contact potential difference (CPD), which reflects
the migration and accumulation of photogenerated charges at the
material surface [52]. As shown in Fig. S11 (Supporting infor-
mation) and Fig. 4a-e, the surface potential distributions of the
three catalysts were evaluated under dark and illuminated condi-
tions. For SBTO/BOC, the average surface potential decreased from
217.22mV in the dark to 173.20mV under light, partially recover-
ing to 188.1 mV after illumination ceased, corresponding to a net
CPD change of 44.02 mV. In contrast, BOC and SBTO show markedly
smaller CPD variations of 1.107 mV and 0.087 mV, respectively. This
pronounced contrast highlights the reinforced surface electric field
in the heterojunction, confirming the formation of an IEF [52]. The
directional migration of electrons to lower energy states and holes
to higher energy states aligns with an IEF-driven charge trans-
fer mechanism. PFM further revealed the piezoelectric properties
of the materials. The amplitude-voltage (A-V) hysteresis loops of
SBTO/BOC (Fig. 4f-h) exhibit a more distinct “butterfly” shape com-
pared to BOC and SBTO, indicating enhanced piezoelectric response
and improved polarization switching. The piezoelectric coefficient
(d33) of SBTO/BOC was calculated as 114.13 pm/V, substantially ex-
ceeding those of BOC (67.08 pm/V) and SBTO (23.99 pm/V) (Fig. 4i),
demonstrating a synergistic enhancement of piezoelectric behavior
in the composite [53]. These results underscore the critical role of
the IEF in promoting charge carrier dynamics under external stim-
uli.

The SBTO/BOC heterojunction exhibits superior charge separa-
tion efficiency, as directly evidenced by its significantly quenched
photoluminescence (PL) intensity, which is only ~30% of that of
pure SBTO or BOC (Fig. S12 in Supporting information). This in-
dicates effective suppression of radiative electron-hole recombina-

tion [54,55]. Consistently, the heterojunction demonstrates a sub-
stantially higher photocurrent density under illumination (Fig. S13a
in Supporting information). Further analysis of the Bode phase
plot reveals a remarkable 3.2-fold increase in photoelectron life-
time (0.6098 s for SBTO/BOC) compared to BOC (0.1929 s), facilitat-
ing greater participation of photogenerated charges in surface re-
dox reactions (Fig. S13b in Supporting information) [56]. Addition-
ally, the significantly smaller semicircle radius (Fig. S13c in Sup-
porting information) in the Nyquist plot for SBTO/BOC confirms a
lower charge transfer resistance at the electrode-electrolyte inter-
face. These collective findings unequivocally demonstrate the en-
hanced charge separation and transfer kinetics achieved by the
heterojunction [29].

As a result, the SBTO/BOC heterojunction showed the high-
est photocatalytic efficiency (Fig. S14 in Supporting information).
Moreover, it demonstrated superior piezo-photocatalytic activity
compared to BOC and SBTO, as evidenced in Fig. 4j and Fig. S15a
(Supporting information). Under combined conditions of light ir-
radiation and ultrasonic, the TC degradation efficiency reached
92.47 %, significantly surpassing the rates achieved by individual ul-
trasound or light irradiation. A comparative analysis with existing
photocatalytic TC degradation studies (Table S4 in Supporting in-
formation) confirms that the SBTO/BOC catalyst exhibits markedly
higher degradation efficiency per unit mass. The stability of the
heterojunction was evaluated over five consecutive degradation cy-
cles, retaining 69% of its initial activity (Fig. S15b in Supporting
information), indicating substantial durability. Post-reaction XRD
analysis (Fig. S15c) further verified the structural stability of the
SBTO/BOC heterojunction.

The practical applicability of the catalysts is evaluated under
varied pH conditions and in the presence of common interfering
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tively.

ions. The SBTO/BOC heterojunction demonstrates excellent pH sta-
bility (Figs. S15d, S16a, and S16d in Supporting information), and
the degradation rate distribution map (Fig. 4k) confirms its su-
perior efficiency across the entire pH range tested. Furthermore,
even with competing anions and cations present, SBTO/BOC main-
tained the highest degradation performance, as shown in the cor-
responding distribution map (Fig. 41) and Figs. S15e, f and S16b,
¢, e, f (Supporting information). These results underscore the out-
standing environmental adaptability and structural robustness of
the SBTO/BOC catalyst. Then the composite was also tested against
other representative pollutants-norfloxacin (NOR, 20 mg/L), cefaclor
(CFS, 50mg/L), and o-phenylphenol (OPP, 20 mg/L). As illustrated
in Fig. S17 (Supporting information), SBTO/BOC exhibited high re-
moval efficiencies of 79.6% for NOR, 90.9% for CFS, and 61.3% for
OPP, demonstrating its broad-spectrum degradation capability and
strong potential for practical wastewater treatment applications.

To elucidate the photocatalytic degradation mechanism of TC,
active species trapping experiments were conducted, as illustrated
in Figs. S18a-f (Supporting information). The results indicate that
the addition of VC, a scavenger for ‘O, ~, significantly inhibited the
photocatalytic degradation efficiency of TC across all tested sys-
tems. Meanwhile, "OH and h*slightly enhanced the degradation
efficiency and the production of *OH has been explained in Sup-
porting information. EPR spectroscopy in Figs. S18g-i (Supporting
information) reveals that SBTO/BOC heterojunction displaying sig-
nificantly stronger signals than BOC and SBTO.

To gain deeper insight into the degradation mechanism of TC,
Fukui function analysis was employed to predict its electrophilic,
nucleophilic, and radical sites. The molecular structure and atom
numbering of TC are shown in Fig. S20a (Supporting information),
while the electrostatic potential map (Fig. S20b in Supporting in-
formation) indicates that TC is highly susceptible to attack by holes
and radicals [54,57]. Calculated Fukui indices (f*, f~, f0) are listed
in Table S5 (Supporting information), with corresponding visual-

izations provided in Figs. S20c-e (Supporting information). Notably,
atoms C15, C17, and C7 exhibit nucleophilic character, whereas C15,
019, and C17-with relatively high f0 values-prefer radical reac-
tions. LC-MS analysis identified multiple TC degradation interme-
diates (Fig. S19 in Supporting information) with m/z values includ-
ing 445, 415, 437, and others. As illustrated in Fig. S20f (Support-
ing information), degradation is mainly driven by ‘O,~, with sec-
ondary contributions from *OH and h*. Three primary pathways
are proposed: Pathway I involves hydroxylation and radical attack,
where TC is oxidized to P1 (linked to 032 via Fukui analysis), then
transformed into P2 (via C7), followed by ring cleavage to form
P3 and P6. Pathway II begins with dehydroxylation and methyla-
tion under "0, attack, yielding P7, then proceeds via ring cleavage
and amine elimination to form P8-P11 (associated with C15, C16,
019, 030), ultimately mineralizing to CO, and H,O. Pathway III
proceeds through dehydroxylation to P13, followed by C-N cleav-
age and radical-mediated steps via P15-P18 toward full mineral-
ization. Similar intermediate analyses for NOR, CFS, and OPP are
shown in Figs. S21, S23, and S25 (Supporting information), with
their degradation primarily driven by "O,~ and "OH (Figs. S22, S24,
S26 in Supporting information). Toxicity assessment using T.E.S.T.
[58] revealed that most intermediates exhibit low developmental
toxicity (Fig. S20g in Supporting information), reduced mutagenic-
ity (except P5 and P6, Fig. S20h in Supporting information), low
oral acute toxicity (Fig. S20 in Supporting information), and min-
imal bioaccumulation potential (Fig. S20j in Supporting informa-
tion). Overall toxicity is significantly reduced compared to TC, in-
dicating lower ecological risk. The toxicity levels are comparable
to or lower than those reported in other AOPs [59], confirming the
environmental friendliness of the SBTO/BOC system.

This study presents an OH~-regulated strategy for the in
situ construction of a SrBigTizO¢5/BiOCl heterojunction. Interfa-
cial Ti-Cl bonds function as electronic bridges, significantly pro-
moting charge separation. The resulting catalyst achieves 91.5%
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degradation of tetracycline, exhibits excellent stability and adapt-
ability, and demonstrates high efficiency in synergistic piezo-
photocatalysis dominated by *O,~. Furthermore, the toxicity of the
degradation intermediates is considerably reduced. This approach
offers a promising avenue for the development of efficient and en-
vironmentally friendly catalytic systems for antibiotic wastewater
remediation.
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