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ABSTRACT: The development of high-performance photocatalysts is
crucial  for  the  efficient  photodegradation  of  antibiotics.  A  key
challenge  in  photocatalysis  is  charge  recombination,  which  occurs
both within the bulk and at the surface of semiconductor catalysts. In
this study, charge recombination was suppressed by enhancing carrier
dynamics  through  ferroelectric  polarization  in  Bi4Ti3O12 (BTO)-based
materials,  leading  to  a  significant  improvement  in  tetracycline  (TC)
degradation  performance.  Our  results  demonstrate  that  La  doping
strengthens  ferroelectric  polarization,  improving  charge  carrier
dynamics  and  emphasizing  the  critical  role  of  polarization  in
photocatalysis.  Differences  in  polarization  led  to  varying  effects  on
charge carrier  dynamics,  which directly  influenced the photocatalytic

degradation of TC. La-doped BTO (La-BTO) exhibited the highest photocurrent density, the lowest charge transfer resistance, and a
reduced  photoluminescence  (PL)  lifetime  when  compared  with  both  pristine  and  depolarized  BTO.  Photocatalytic  tests  revealed
that La-BTO achieved nearly complete TC degradation within 30 min under light irradiation, with ∙O2

− and ∙OH radicals identified as
the  primary  oxidative  species.  Specifically,  La-BTO  achieved  a  94.6%  degradation  rate,  which  is  significantly  higher  than  that  of
undoped  BTO  (70.7%)  and  depolarized  BTO  (40.7%).  These  findings  demonstrate  that  polarization-driven  carrier  dynamics  are
crucial  for  optimizing  photocatalytic  antibiotic  degradation,  offering  new  insights  into  the  rational  design  of  high-performance
photocatalysts for water purification.
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1    Introduction
The  widespread  occurrence  of  pharmaceutical  contaminants  in
aquatic  environments  has  emerged  as  a  pressing  environmental
and  public  health  concern  [1,2].  Among  these  pollutants,
antibiotics  are  particularly  problematic  due  to  their  chemical
persistence, biological activity, and disruptive effects on microbial
ecosystems  [3−5].  Tetracycline  (TC),  a  widely  used  antibiotic  in
human medicine,  veterinary practice,  and animal husbandry,  has
been frequently detected in various aquatic environments. Due to
its  incomplete  absorption  and  metabolism,  a  substantial  fraction
of TC is excreted in unmetabolized or partially metabolized forms,
eventually entering municipal wastewater, agricultural runoff, and
natural  aquatic  systems  [6−8].  Consequently,  TC  residues  have

been detected in surface water, groundwater, sediments, and even
drinking  water  sources  worldwide.  Its  high  environmental
persistence,  combined  with  bioaccumulation  and  ecotoxicity,
poses severe risks to aquatic ecosystems [9−11]. More alarmingly,
prolonged exposure to sublethal concentrations of TC contributes
to  the  emergence  and  spread  of  antibiotic-resistant  bacteria  and
resistance genes, thereby diminishing the effectiveness of antibiotic
therapies and threatening global health [12].

Given  these  risks,  the  efficient  and  sustainable  removal  of  TC
from aqueous environments is an urgent priority [13−15]. Among
available  remediation  strategies,  semiconductor-based
photocatalysis has attracted considerable attention as a green and
effective  technology  [16,17].  This  approach  utilizes  light
irradiation  (ultraviolet  (UV)  or  visible  (Vis))  to  activate 
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semiconductors,  generating electron–hole  (e−–h+)  pairs  that  drive
redox  reactions  and  mineralize  organic  pollutants.  Conventional
photocatalysts such as TiO2, g-C3N4, and BiVO4 have been widely
studied  for  TC  degradation  [18−31].  However,  their  practical
utility remains limited by rapid e−–h+ recombination, narrow light
absorption  ranges,  and  relatively  low  efficiencies.  To  overcome
these  issues,  various  strategies,  such  as  elemental  doping  [32,33],
heterojunction construction [18,19,22,23,29], and defect or surface
engineering  [25,34,35],  have  been  developed.  Most  of  these
approaches  rely  on  band  structure  modulation,  which  can
improve light absorption and redox capability. Nevertheless, such
extrinsic  modifications  often yield  only  incremental  performance
improvements  and  are  hindered  by  poor  long-term  stability  due
to  insufficient  carrier  separation  and  compromised  carrier
dynamics.

In  contrast,  ferroelectric  polarization  offers  an  intrinsic  and
sustainable  driving  force  for  enhancing  photocatalytic  activity
[36−38]. Ferroelectric materials possess spontaneous polarization,
producing  strong  internal  electric  fields  that  promote  spatial
separation  and  directional  migration  of  photogenerated  carriers
[39−41].  This  intrinsic  polarization  not  only  facilitates  charge
separation  in  the  bulk  but  also  maintains  stability  under
continuous  illumination,  thereby  enhancing  photocatalytic
performance  without  requiring  sacrificial  agents  or  cocatalysts
[42−44].  As  such,  ferroelectric  polarization  emerges  as  a  critical
factor  in  governing  charge  dynamics  and  photocatalytic
performance. Among ferroelectric materials, Bi4Ti3O12 (BTO) has
received considerable  attention due to  its  Aurivillius-type layered
structure,  robust  ferroelectricity,  and  high  chemical  stability
[45−47]. The structure comprises alternating (Bi2O2)2+ fluorite-like
layers  and  perovskite-like  (Bi2Ti3O10)2− blocks,  resulting  in
pronounced  anisotropy  and  spontaneous  polarization  [48].  This
built-in  polarization  field  is  highly  effective  in  suppressing  e−–h+

recombination and improving photocatalytic activity.  As a result,
BTO  has  been  widely  explored  for  applications  in  photocatalytic
water splitting, pollutant degradation, and solar energy conversion
[45,46,49−51].  Nonetheless,  pristine  BTO  still  suffers  from
moderate  activity  and  limited  surface  and  electronic  properties,
restricting its practical application.

To  address  these  limitations,  tailoring  ferroelectric  properties
offers  a  promising  alternative  to  conventional  band  gap
engineering  [46,49]  or  surface  modification  [43,52−54].  Among
available  strategies,  chemical  doping  is  particularly  effective  in
tuning  ferroelectric  behavior  and  enhancing  photocatalysis
[32,42,55]. In this context, rare-earth element doping at the A-site
of  BTO  improves  structural  symmetry,  reduces  oxygen  vacancy
concentrations, and stabilizes ferroelectric domains. La3+ doping is
especially  advantageous  because  its  ionic  radius  closely  matches
that  of  Bi3+,  minimizing  lattice  distortion  [56].  Furthermore,  the
incorporation  of  La3+ ions  reduces  local  lattice  distortion  and
enhances crystallinity and domain switching behavior, collectively
leading  to  improved  remanent  polarization  (Pr)  [57,58].  These
structural and ferroelectric enhancements directly improve charge
separation and extend carrier lifetimes, both of which are essential
for  efficient  photocatalysis.  Among  La-doped  Bi4−xLaxTi3O12
compositions, Bi3.25La0.75Ti3O12 (La-BTO) has been identified as an
optimal  formulation,  exhibiting  a  well-balanced  combination  of
polarization  strength,  structural  stability,  and  photocatalytic
activity [48,59,60]. Previous studies have demonstrated its superior
polarization  retention  and  robust  piezophotocatalytic
performance, yet the fundamental role of ferroelectric polarization
in modulating charge carrier dynamics and driving photocatalytic
reactions remains insufficiently explored. Moreover, it is crucial to
differentiate  the  intrinsic  effect  of  polarization  from  other

influencing  factors,  such  as  band  structure  and  surface  area,  to
achieve a deeper mechanistic understanding.

In  this  study,  ferroelectric  polarization,  identified  as  the
principal  factor  governing  the  photocatalytic  degradation  of  TC,
was  systematically  investigated.  By  comparing  pristine  BTO,  La-
doped  BTO,  and  depolarized  BTO  (D-BTO),  which  possess
similar crystal  structures and band gaps but differ in polarization
states,  the  contribution  of  spontaneous  polarization  to  charge
separation  and  photocatalytic  efficiency  was  elucidated.  The
results demonstrate that La doping enhances Pr,  facilitates carrier
separation,  and  markedly  improves  photocatalytic  performance.
Among  the  samples,  La-doped  BTO  with  the  strongest
polarization  exhibited  the  highest  photocurrent  and  the  longest
carrier  lifetime,  confirming  the  decisive  role  of  the  polarization
electric  field.  Conversely,  depolarization  treatment  significantly
weakened  charge  separation  and  suppressed  photocatalytic
activity,  providing  compelling  evidence  that  ferroelectric
polarization  is  the  dominant  internal  mechanism  driving
photocatalysis  in  BTO-based  systems.  Collectively,  this  work
establishes  a  comprehensive  framework  for  understanding  the
relationship  between  ferroelectric  polarization  and  photocatalytic
behavior.  Furthermore,  these  findings  provide  a  blueprint  for
developing  next-generation,  polarization-driven  functional
materials  for  energy  conversion  and  environmental  remediation,
extending beyond BTO to a broader class of ferroelectric systems.

2    Experimental

2.1    Materials
La(NO3)∙6H2O (99.0%), Ti(OC4H9)4 (99.0%), p-benzoquinone (p-
BQ; 99.0%), and tetracycline (C22H24N2O8; 98.0%) were purchased
from Shanghai Aladdin Bio-Chem Technology Co., Ltd. (China).
Bi(NO3)3∙5H2O  (99.0%),  NaOH,  methanol  (MeOH,  99.5%),  and
isopropanol  (IPA;  99.7%)  were  obtained  from  Sinopharm
Chemical Reagent Co., Ltd. (China). AgNO3 (99.0%) was supplied
by Guangdong Guanghua Sci-Tech Co., Ltd. (China).

2.2    Catalyst preparation

2.2.1    Preparation of BTO

3.2  mmol  of  Bi(NO3)3∙5H2O  was  dissolved  in  30  mL  of  3  M
NaOH  under  continuous  stirring  for  30  min.  Subsequently,
2.4 mmol of  Ti(OC4H9)4 was added, and the mixture was stirred
for  an  additional  30  min  at  room  temperature.  The  resulting
suspension was transferred into a  100 mL Teflon-lined autoclave
and subjected to hydrothermal treatment at 180 °C for 18 h. After
cooling  to  room  temperature,  the  precipitate  was  collected  by
centrifugation,  washed  three  times  with  deionized  water  and
absolute ethanol, and finally dried at 80 °C for 8 h.

2.2.2    Preparation of La-doped BTO (Bi4−xLaxTi3O12)

0.8×(4−x)  mmol  of  Bi(NO3)3∙5H2O  (x =  0.3,  0.75,  1.0)  was
dissolved  in  30  mL  of  3  M  NaOH  and  stirred  for  30  min.
2.4 mmol of Ti(OC4H9)4 was then added, followed by stirring for
30  min.  Subsequently,  0.8x mmol  of  La(NO3)∙6H2O  was
introduced, and stirring continued until  a homogeneous solution
was  obtained.  The  mixture  was  transferred  to  a  100  mL  Teflon-
lined  autoclave  and  hydrothermally  treated  at  180  °C  for  18  h.
After  cooling  to  room  temperature,  the  precipitate  was  collected
by  centrifugation.  The  product  was  collected,  washed,  and  dried
using  the  same procedure  described  for  BTO.  The  samples  were
named  0.3La-BTO  (x =  0.3),  0.75La-BTO  (x =  0.75),  and  1.0La-
BTO (x = 1.0).
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2.2.3    Preparation of depolarized BTO

The  as-prepared  BTO  powders  were  placed  in  a  tube  furnace,
heated to 700 °C at a rate of 10 °C/min, and calcined at 700 °C for
1 h, followed by natural cooling to room temperature.

2.3    Characterization
X-ray  diffraction  (XRD)  patterns  were  recorded  on  a  Philips  X’
pert  PRO  diffractometer  with  Cu  Kα  radiation.  Field  emission
scanning  electron  microscopy  (FE-SEM)  was  performed  on  a
Quantum  200FEG  SEM,  and  transmission  electron  microscopy
(TEM)  was  carried  out  on  a  Talos  F200x  G2  (FEI).  An  X-ray
photoelectron spectrometer (XPS; K-Alpha, Thermo) was used to
determine  elemental  valence  states.  Optical  properties  were
characterized  using  a  UV–Vis  diffuse  reflectance  spectrometer
(UV–Vis  DRS;  UV-2910,  HITACHI).  Time-resolved
photoluminescence  (TRPL)  spectra  were  collected  on  an
Edinburgh FLS1000 spectrometer. Piezoresponse force microscope/
Kelvin  probe  force  microscope  (PFM/KPFM;  Dimension  Icon,
Bruker) was employed to confirm domain structures and surface
potentials.  An  electrochemical  workstation  (CHI660E,  Chenhua)
and  a  xenon  lamp  light  source  system  (CEL-HXF300-S,  Beijing
China  Education  AuLight  Technology  Co.,  Ltd.)  were  used  to
assess  the  photoelectrochemical  performance.  An  electron
paramagnetic  resonance  spectrometer  (EPR;  EMXplus,  Bruker)
was  used  to  identify  reactive  species.  High-performance  liquid
chromatography–mass  spectrometry  (LC–MS)  was  used  for
qualitative analysis of TC degradation products. Ferroelectric and
leakage  current  properties  were  evaluated  using  a  Precision
Premier II (Radiant Technologies).

2.4    Electrochemical measurements
Electrochemical measurements were conducted using a CHI760E
electrochemical  workstation  (Chenhua)  in  a  three-electrode
configuration.  A  graphite  electrode  and  a  saturated  calomel
electrode  (SCE)  served  as  the  counter  and  reference  electrodes,
respectively. The working electrode was prepared via drop-casting:
10  mg  of  catalyst  was  dispersed  in  750  μL  of  deionized  water,
250 μL of isopropanol, and 100 μL of Nafion solution, followed by
ultrasonication for 30 min. A 100 μL aliquot of the suspension was
drop-cast onto an indium tin oxide (ITO) substrate (1 cm × 2 cm)
and  dried  at  80  °C  for  8  h.  All  tests  were  performed  in  0.5  M
Na2SO4 electrolyte under illumination from the same light source
used in the photocatalytic experiments.

2.5    Photocatalytic activity test
The  photocatalytic  activity  of  the  catalyst  was  evaluated  through
the degradation of TC under light irradiation. Typically, 25 mg of
catalyst was dispersed in 50 mL of TC solution (50 mg/L). Prior to
irradiation, the suspension was magnetically stirred in the dark for
30  min  to  establish  adsorption–desorption  equilibrium.
Photocatalytic  reactions  were  carried  out  under  a  xenon  lamp
light  source  system.  During  irradiation,  2  mL  aliquots  were
collected  at  5-min  intervals,  filtered  through  a  0.22  μm  syringe
filter,  and  analyzed  using  a  UV–Vis  spectrophotometer  (721G,
INESA)  at  the  characteristic  absorption  wavelength  of  357  nm.
The  cycling  stability  was  evaluated  through  five  consecutive
photocatalytic  degradation  cycles  of  TC  at  50  mg/L  under
identical  experimental  conditions.  After  each  cycle,  the  La-BTO
photocatalyst  was  collected by centrifugation,  thoroughly  washed
with deionized water and ethanol, and then dried at 60 °C before
reuse.

3    Results and discussion

3.1    Structural and morphological characterization
The XRD patterns of pristine BTO, D-BTO, and La-BTO (Fig. 1(a))
confirm the successful formation of the Aurivillius phase without
detectable  secondary  phases,  indicating  that  La3+ doping  and
depolarization treatment do not alter the overall crystal structure.
All  samples  exhibit  diffraction  peaks  characteristic  of  the
orthorhombic  BTO  phase  (JCPDS#72-1019),  demonstrating  the
structural  compatibility  of  La  incorporation.  Neither  La  doping
nor  depolarization  induced  any  obvious  peak  shift,  further
confirming that the crystalline phase of BTO remains unchanged.
Notably,  D-BTO  exhibits  sharper  and  more  intense  peaks,
suggesting  improved  crystallinity  as  a  result  of  high-temperature
annealing.

SEM  images  (Figs.  1(b)–1(d))  reveal  a  consistent  lamellar
morphology  across  all  samples,  where  stacked  nanosheets
assemble into hierarchical flower-like structures. This architecture
provides  a  large  surface  area  and  multiple  exposed  active  facets,
both of which are advantageous for photocatalytic reactions.  The
layered crystal  structure,  characterized by  low bonding energy  in
the a–b plane,  facilitates  lateral  growth  of  nanosheets  during
hydrothermal  synthesis,  resulting  in  the  observed  morphology.
Furthermore,  the  nanosheet-like  configuration  exposes  a  larger
polar  surface  along  the a–b plane  and  facilitates  directional
polarization,  thereby  enhancing  the  spatial  separation  of
photogenerated  charge  carriers.  The  D-BTO  sample  exhibits  a
slightly  thicker  nanosheet  structure,  likely  due to  recrystallization
and grain coarsening during annealing. Elemental mapping of La-
BTO  (Fig.  S1  in  the  Electronic  Supplementary  Material  (ESM))
clearly  shows  the  presence  of  Bi,  Ti,  O,  and  La,  indicating  the
successful  incorporation  of  La  into  BTO.  TEM  further  confirms
the flower-like morphology and nanosheet stacking (Figs. 1(e) and
1(f)).  The  high-resolution  TEM  (HRTEM)  image  (Fig.  1(g))
shows  lattice  fringes  with  spacings  of  0.270  and  0.271  nm,
corresponding to the (020) and (200) planes, respectively [61].

XPS  was  conducted  to  investigate  the  chemical  composition
and  oxidation  states.  The  survey  spectra  (Fig.  S2  in  the  ESM)
reveal only Bi,  Ti,  and O signals for BTO and D-BTO, while La-
BTO  additionally  shows  La  3d  peaks,  confirming  the  successful
incorporation  of  La,  consistent  with  the  XRD  and  SEM  results.
High-resolution  XPS  spectra  of  Bi  4f,  Ti  2p,  and  O  1s  are
presented  in Figs.  2(a)–2(c).  The  Bi  4f  spectra  (Fig.  2(a))  exhibit
doublets  centered  at  164.1  and  158.8  eV,  corresponding  to  Bi3+

species.  Compared  with  pristine  BTO,  La-BTO  shows  a  shift  of
Bi 4f peaks to lower binding energies, indicative of a more electron-
rich environment caused by partial substitution of Bi3+ by La3+. The
smaller  ionic  radius  and  lower  electronegativity  of  La3+ alter  the
local  electronic  environment,  enhancing  nuclear  shielding  and
lowering the binding energy. The Ti 2p spectra (Fig. 2(b)) can be
deconvoluted  into  peaks  at  465.6,  463.3,  and  457.6  eV,
corresponding to Bi  4d3/2,  Ti  2p1/2,  and Ti 2p3/2,  respectively.  The
energy separation of 5.7 eV between Ti 2p1/2 and Ti 2p3/2 confirms
the Ti4+ oxidation state.  D-BTO exhibits Ti 2p and Bi 4f peaks at
nearly  identical  positions  to  those  of  pristine  BTO,  indicating
unchanged chemical states after depolarization.

The  O  1s  spectra  (Fig.  2(c))  can  be  deconvoluted  into  lattice
oxygen  (OL,  529.3  eV)  and  oxygen  vacancy-related  oxygen  (OV,
530.9 eV) [62]. The proportion of OV in La-BTO (11.5%) is lower
than  that  in  pristine  BTO  (14.3%),  implying  that  La  doping
suppresses  the  formation  of  oxygen  vacancy.  The  diminished
oxygen  vacancy  concentration  not  only  stabilizes  the  perovskite-
like  layered  structure  but  also  contributes  to  the  electronic
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uniformity,  further  supporting  the  observed  shift  in  Bi  binding
energy.  Conversely,  D-BTO exhibits  a  slightly  higher  OV content
(15.6%),  which  is  attributed  to  the  high-temperature
depolarization process  that  facilitates  the  escape  of  lattice  oxygen
and the  formation  of  OV defects.  This  modest  change  in  oxygen

vacancies  has  a  negligible  impact  on  the  structure  and
performance.  Additionally,  the  La  3d spectra  of  La-BTO (Fig.  S3
in  the  ESM)  exhibit  characteristic  peaks  at  855.6/852.0  eV
(La 3d3/2) and 838.6/835.1 eV (La 3d5/2), confirming the existence
of La3+.

 

Fig. 1    (a) XRD patterns of D-BTO, BTO, and La-BTO; SEM images of (b) D-BTO, (c) BTO, and (d) La-BTO; (e, f) TEM image of La–BTO; (g) HRTEM image of
La-BTO.               

 

Fig. 2    High-resolution XPS spectra of (a) Bi 4f, (b) Ti 2p, and (c) O 1s for D-BTO, BTO, and La–BTO.
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3.2    Optical properties and band structure
Generally,  the  optical  absorption  and  band  structure  of  catalysts
are critical parameters that directly influence their light-harvesting
efficiency  and  photocatalytic  activity.  UV–Vis  DRS  spectra
(Fig. 3(a)) exhibit strong absorption across the UV–Vis region for
all samples, with absorption edges at approximately 400 nm. The
band  gaps  were  estimated  using  Tauc  plots  derived  from  the
Kubelka–Munk function (Fig. 3(b)) [63]. The values were 3.28 eV
for BTO, 3.33 eV for La-BTO, and 3.17 eV for D-BTO, suggesting
that La doping and depolarization exert minimal influence on the
intrinsic  band  structure.  Nonetheless,  the  slight  shifts  in  the
absorption edges may be associated with localized electronic states
induced by La3+ substitution [64].

Mott–Schottky  plots  (Figs.  3(c)–3(e))  confirm that  all  samples
are  n-type  semiconductors,  as  evidenced  by  their  positive  slopes.
The flat band potentials (Efb) were −1.19, −1.29, and −1.30 V (vs.
SCE)  for  D-BTO,  BTO,  and  La-BTO,  respectively.  For  n-type
semiconductors,  the Efb obtained from the Mott–Schottky plot  is
typically slightly more positive than the conduction band potential
(ECB) due to the presence of a surface depletion layer. The energy
difference between Efb and ECB generally  falls  within the range of
0.1–0.3 V, depending on factors such as carrier concentration and

surface states [65,66]. Converted to the normal hydrogen electrode
(NHE)  scale: Efb,NHE = Efb,SCE +  0.244  V  [67,68],  the ECB was
estimated  by  applying  a  0.1  V  correction: −1.05  V  (D-BTO),
−1.15  V  (BTO),  and −1.16  V  (La-BTO).  These  values  are  more
negative  than  the  O2/∙O2

− (−0.33  V)  [23],  indicating  that
photogenerated  electrons  can  effectively  reduce  O2.  On  the  basis
of the relationship between Eg and ECB, the corresponding valence
band  positions  (EVB)  were  calculated  to  be  2.12  eV  (D-BTO),
2.13  eV  (BTO),  and  2.17  eV  (La-BTO),  sufficiently  positive  to
oxidize  OH− to  ∙OH  radicals  (1.99  V)  [69].  Valence-band  XPS
(VB-XPS)  spectra  (Fig.  S4  in  the  ESM)  further  support  these
results,  showing  similar  energy  differences  between  the  valence
band  maximum  (VBM)  and  Fermi  level  (1.56–1.61  eV),
confirming nearly identical Fermi levels across the three samples.
The band alignment diagrams (Fig. 3(f)) illustrate that all samples
share comparable band structures, with minor differences in band
gaps  of  3.17–3.33  eV  and  minimal  differences  in  band  edge
positions, indicating that the intrinsic electronic structure of BTO
is largely preserved despite La doping or depolarization treatment.

These findings suggest that the enhanced photocatalytic activity
observed  in  La-BTO  (Section 3.3)  is  not  primarily  driven  by
energy  band  modulation.  Instead,  improvements  are  more

 

Fig. 3    (a) UV–Vis DRS and (b) corresponding Tauc plots of D-BTO, BTO, and La-BTO. (c)–(e) Mott–Schottky plots of D-BTO, BTO, and La–BTO, respectively.
(f) Energy band diagram of D-BTO, BTO, and La-BTO.
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attributed  to  polarization-induced  effects,  which  facilitate  charge
separation  and  interfacial  redox  reactions.  The  nearly  identical
band gaps and energy levels across the samples highlight the role
of  ferroelectric  polarization  in  governing  carrier  dynamics  rather
than light absorption capacity and band structure modulation.

3.3    Photocatalytic performance in TC degradation
The  photocatalytic  activity  of  the  synthesized  samples  was
evaluated  by  monitoring  the  degradation  of  TC  under  light
irradiation. The optimal La doping concentration was determined
through  a  series  of  photocatalytic  experiments  using
Bi4−xLaxTi3O12 samples with varying La contents (x = 0.0, 0.3, 0.75,
and 1.0) (Fig. S5 in the ESM). As shown in Fig. 4(a), after 30 min
of  illumination,  the  degradation  rates  of  D-BTO,  BTO,  and  La-
BTO  were  40.7%,  70.7%,  and  94.6%,  respectively.  These  results
clearly  demonstrate  a  significant  enhancement  in  photocatalytic
activity,  particularly  with  La  doping.  Control  experiments
conducted  under  light  irradiation  without  a  catalyst  and  under
dark conditions with the catalyst (Fig.  S6 in the ESM) confirmed
that  TC  degradation  primarily  resulted  from  the  photocatalytic
process,  with  negligible  contributions  from  self-degradation  or
piezocatalytic  effects.  To  further  assess  the  reaction  kinetics,  the

degradation  data  were  fitted  using  a  pseudo-first-order  kinetic
model, as given by Eq. (1) [70]:

ln(C0/Ct) = kt (1)

where C0 and Ct are the initial and residual concentrations of TC,
k is the reaction rate constant, and t is the reaction time. As shown
in Fig. 4(b), the corresponding rate constants were determined to
be 0.017 min−1 for D-BTO, 0.037 min−1 for BTO, and 0.087 min−1

for La-BTO. The degradation rate of La-BTO was approximately
5.1  times  that  of  D-BTO  and  2.4  times  that  of  BTO,  also
surpassing most photocatalysts reported in the literature (Table S1
in the ESM).

As  previously  mentioned,  D-BTO,  BTO,  and  La-BTO  exhibit
similar  band  gaps  and  conduction/valence  band  positions;
however,  their photocatalytic efficiencies differ considerably.  This
discrepancy  indicates  that  enhanced  photocatalysis  cannot  be
solely  attributed  to  the  band  structure  or  light  absorption.
Furthermore,  based  on  the  results  of  the  specific  surface  area
measurements  (Fig.  S7  and  Table  S2  in  the  ESM),  it  can  be
inferred  that  surface  area  is  not  the  dominant  factor  governing
photocatalytic  activity.  Instead,  ferroelectric  polarization  is
believed to  play  a  decisive  role  in  determining  the  photocatalytic

 

Fig. 4    TC  degradation  rates  and  corresponding  reaction  rate  constant  (a,  b)  for  different  types  of  catalysts,  (c,  d)  under  different  TC  concentrations.  (e)  Cyclic
experiment of TC degradation. (f) XRD patterns of La-BTO before and after cycling.
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efficiency.  The  superior  activity  of  BTO  compared  with  D-BTO
highlights  the  contribution  of  polarization  in  facilitating  charge
carrier  separation  via  internal  electric  fields.  In  D-BTO,  thermal
depolarization  eliminates  this  field,  accelerating  e−–h+

recombination  and  limiting  reactive  species  generation.  In
contrast, BTO retains spontaneous ferroelectric polarization, while
La-BTO, with strengthened polarization, exhibits an even stronger
internal electric field that further enhances charge separation and
transfer.  Thus,  the  pronounced  improvement  in  La-BTO
photocatalysis is attributed to polarization-driven carrier dynamics
rather than intrinsic band structure modification. This hypothesis
is further verified in subsequent analyses of carrier dynamics and
polarization behavior.

Further investigation was conducted to evaluate the effect of the
initial TC concentration on the photocatalytic performance of La-
BTO. As shown in Fig. 4(c), when the TC concentration increased
from 10 to 100 mg/L, the degradation rate within 30 min declined
from  100%,  98.5%,  95.0%,  and  94.6%  to  55.0%.  The
corresponding  pseudo-first-order  rate  constants  (Fig.  4(d))  also
decreased  progressively,  from  0.180  to  0.026  min−1 for
concentrations  of  10,  20,  30,  50,  and  100  mg/L.  The  decrease  in
both  the  degradation  rate  and  reaction  rate  constant  with
increasing TC concentration can be attributed to two factors. First,
there  is  the  inner  filter  effect,  where  higher  TC  concentrations
absorb more incident photons and hinder light penetration to the
photocatalyst  surface.  Second,  the  insufficient  generation  of
reactive  species  to  degrade  the  excess  TC  molecules  leads  to  site
saturation and reduced efficiency.

To assess the reusability and stability of the photocatalyst, cyclic
degradation  tests  were  conducted  using  La-BTO  at  a  TC
concentration of 50 mg/L over five successive runs. As depicted in
Fig.  4(e),  the  degradation  rate  decreased  from  94.6%  in  the  first
cycle to 70.0% in the fifth cycle, indicating moderate deactivation.
Post-reaction  XRD patterns  (Fig.  4(f))  confirmed that  the  crystal
structure remained unchanged, while SEM images (Fig. S8 in the
ESM)  showed  a  stable  morphology.  Furthermore,  PFM  was
employed  to  examine  its  ferroelectric  switching  behavior  before
and  after  photocatalytic  cycling.  As  presented  in  Fig.  S9  in  the
ESM, the butterfly-like amplitude loops and 180° phase switching
loops exhibited minor changes after five cycles, indicating that the
intrinsic  ferroelectric  polarization  was  well  retained  and  that  the
polarization  switching  behavior  remained  stable.  Therefore,  the
performance  decline  is  mainly  attributed  to  surface  fouling  by
degradation intermediates or partial deactivation of surface-active
sites, rather than structural and polarization instability [71].

To further evaluate the universality and practical applicability of
the  photocatalyst,  additional  photocatalytic  experiments  were
carried  out  in  real  water  matrices  and  with  other  representative
organic pollutants. As shown in Fig. S10 in the ESM, the La-BTO
catalyst  was evaluated using secondary effluent from a municipal
wastewater  treatment  plant  spiked  with  TC  (50  mg/L).  The
La-BTO  photocatalyst  retained  over  86%  of  its  degradation
efficiency  compared with  that  in  deionized  water,  demonstrating
excellent  adaptability  and  robustness  in  complex  aqueous
environments.  Moreover,  as  shown  in  Fig.  S11  in  the  ESM,  the
ferroelectric  photocatalyst  La-BTO  also  exhibited  remarkable
photocatalytic activity toward rhodamine B (RhB) and methylene
blue (MB), confirming its broad-spectrum degradation capability.
Specifically,  93.2%  of  RhB  was  degraded  after  45  min  of  light
irradiation,  whereas  81.0%  of  MB  was  degraded  after  60  min,
further  validating  the  wide  applicability  of  the  polarization-
enhanced photocatalytic mechanism.

3.4    Carrier dynamics and ferroelectric polarization effects
The  efficiency  of  photogenerated  charge  carrier  separation  and
transfer  is  a  critical  factor  determining  the  photocatalytic  activity
of  semiconductors.  To  obtain  comprehensive  insights  into  these
processes,  a  combination  of  photoelectrochemical  and
spectroscopic  techniques  was  employed,  including  photocurrent-
time  measurements  (I–t),  open-circuit  potential  (OCP),
electrochemical impedance spectroscopy (EIS), and TRPL.

The I–t responses  (Fig.  5(a))  reveal  that  La-BTO  exhibits  the
highest transient photocurrent (~0.50 μA/cm2) under intermittent
illumination,  which  is  substantially  greater  than  that  of  pristine
BTO  (~0.11  μA/cm2)  and  D-BTO  (~0.04  μA/cm2).  This  result
suggests that La doping significantly improves the separation and
transport  of  photogenerated  carriers.  As  shown  in Fig.  5(b),
illumination decreases the potential of the photocatalyst electrode
due to radical accumulation. The open-circuit photovoltage (VOC)
response further supports this finding, showing a markedly higher
potential of −103.1 mV (vs. SCE) for La-BTO than that for BTO
(−27.3  mV)  and  for  D-BTO  (−9.9  mV).  The  enhanced VOC
indicates  the  presence  of  a  stronger  built-in  electric  field  in  La-
BTO, which effectively drives charge separation [72]. EIS Nyquist
plots  (Fig.  5(c))  provide  additional  evidence  that  La  doping
promotes  efficient  carrier  separation  and  migration.  The
semicircle radius reflects  the interfacial  charge-transfer resistance,
with  smaller  radii  corresponding  to  faster  electron  transfer  [45].
Among the three samples, La-BTO shows the smallest semicircle,
indicating  the  lowest  charge-transfer  resistance,  while  D-BTO
exhibits  the  largest  semicircle,  consistent  with  its  suppressed
polarization  and  poor  carrier  mobility.  Under  illumination,  all
samples display reduced arc radii (Fig. S12 in the ESM), attributed
to  increased  carrier  density  and  enhanced  conductivity.  Notably,
La-BTO  shows  the  lowest  impedance  under  light  excitation,
consistent  with  its  superior  photocatalytic  performance  and
confirming  the  role  of  ferroelectric  polarization  in  facilitating
carrier separation and transfer.

Carrier  recombination  dynamics  were  further  investigated  by
TRPL spectroscopy (Figs. 5(d)–5(f)). The decay curves fit well to a
multiexponential  function,  and  the  average  PL  lifetimes  were
calculated  to  be  26.82  ns  (D-BTO),  12.90  ns  (BTO),  and 4.72  ns
(La-BTO)  (Table  S3  in  the  ESM).  For  D-BTO,  all  three  lifetime
components (τ1, τ2, and τ3) as well as the average lifetime exhibited
an increase compared with pristine BTO. This prolongation of the
PL lifetime can be attributed to the suppression of the ferroelectric
polarization,  which  weakens  the  internal  electric  field  and  thus
reduces  the  driving  force  for  charge  separation.  As  a  result,
photogenerated carriers are more likely to remain in the bulk and
undergo radiative recombination, leading to an apparently longer
PL  decay.  In  contrast,  La-BTO  shows  significantly  shorter
lifetimes. This reduction in carrier lifetime is not due to enhanced
recombination but  rather  reflects  the  more efficient  extraction of
carriers driven by the strengthened ferroelectric polarization. The
accelerated  separation  and  interfacial  transfer  of  carriers  reduce
the probability  of  bulk radiative recombination,  thereby resulting
in faster PL decay but ultimately promoting higher photocatalytic
activity.

The superior carrier dynamics observed in La-BTO suggest the
presence  of  an internal  driving force  associated with  ferroelectric
polarization.  To  verify  this,  the  ferroelectric  properties  were
examined.  As  shown  in Figs.  6(a)–6(c),  the  PFM  phase  and
amplitude  images  of  D-BTO  exhibited  no  distinct  contrast  or
domain  features.  This  lack  of  phase  inversion  and  uniform
amplitude  response  suggests  that  the  ferroelectric  domains  were
effectively  eliminated  after  high-temperature  depolarization.  The
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high-temperature  annealing  process  effectively  erased  the  long-
range ferroelectric order, resulting in a nonferroelectric state with
no  observable  domain  structures.  In  contrast,  both  BTO  and
La–BTO display well-saturated rectangular ferroelectric hysteresis
(P–E)  loops  at  20  kHz  and  at  room  temperature  (Fig.  6(d)),
indicating  robust  ferroelectric  behavior.  The Pr values  are
19.3  μC/cm2 for  BTO  and  26.1  μC/cm2 for  La-BTO,  while  the
coercive  fields  (2Ec)  are  418.2  and  387.6  kV/cm,  respectively
(Table S4 in the ESM). La doping slightly enhances Pr and reduces

Ec,  suggesting  improved  ferroelectric  domain  switchability  and
stability,  which  could  facilitate  polarization-driven  charge
separation.  Leakage  current  characteristics  (Fig.  6(e))  are
comparable between BTO and La-BTO, with the latter exhibiting
slightly reduced leakage due to fewer oxygen vacancies [73].

KPFM  measurements  (Fig.  7)  further  clarify  the  effect  of
polarization  on  surface  potential.  For  D-BTO,  the  surface
potential  was  nearly  identical  to  that  of  the  underlying  ITO
substrate,  and  no  significant  variation  was  observed  upon  light

 

Fig. 5    (a) Transient photocurrent, (b) OCP, and (c) EIS Nyquist plots of D-BTO, BTO, and La-BTO. (d)–(f) TRPL spectra of D-BTO, BTO, and La-BTO, respectively.

 

Fig. 6    PFM of D-BTO. (a) Topography, (b) out-of-plane amplitude, and (c) out-of-plane phase images. (d) Ferroelectric property and (e) leakage of BTO and La-BTO.
Note that the ferroelectric data were obtained from the corresponding thin film samples.
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illumination, as shown in Figs.  7(a)–7(c).  This behavior indicates
the  absence  of  spontaneous  polarization  and  internal  electric
fields,  which  can  limit  the  generation  and  separation  of
photoinduced  charge  carriers  at  the  surface.  In  contrast,  BTO
exhibits  a  higher  surface  potential  than  the  ITO  substrate  in  the
dark,  which  decreased  noticeably  upon  illumination  (Figs.  7(d)–
7(f)).  The  decrease  in  surface  potential  upon  illumination  arises
from the accumulation of photogenerated electrons at the surface,
which  enhances  charge  screening  and  weakens  the  polarization-
induced internal field, thus reducing the surface potential [49,74].
Such  behavior  is  consistent  with  the  moderate  ferroelectric
polarization of BTO and the presence of oxygen vacancies that act
as  compensating  centers,  partially  neutralizing  the  polarization
charges [75]. Notably, La-BTO exhibited the opposite trend, with
the  surface  potential  increasing  under  illumination  (Figs.  7(g)–
7(i)). This positive shift reveals that La doping suppresses oxygen
vacancy  formation,  thereby  reducing  charge  screening  and
stabilizing  ferroelectric  polarization.  The  strengthened  and
unscreened  internal  field  in  La-BTO  directs  photogenerated
electrons  along  the  polarization  direction  toward  the  bulk,  while
holes migrate toward the surface. This directional separation leads
to  an  increase  in  surface  potential  under  illumination.  This
positive  shift  confirms  that  the  polarization  field  predominates
over  the  screening  effect,  evidencing  stronger  and  more  stable
ferroelectric polarization in La-BTO.

Collectively,  these  results  highlight  the  decisive  role  of
ferroelectric  polarization  in  enhancing  photocatalytic
performance.  The  internal  electric  field  induced  by  polarization
promotes  spatial  separation  of  e−–h+ pairs,  suppresses
recombination  losses,  and  accelerates  interfacial  redox  processes,
thereby improving the degradation rate of TC. Importantly, while
La doping strengthens ferroelectric polarization, it has a negligible
impact  on  the  intrinsic  band  structure,  as  the  band  edges  are
primarily  determined  by  the  electronic  orbitals  of  Bi,  Ti,  and  O.
Instead,  La-induced  lattice  distortion  enhances  dipole  alignment
and  polarization  strength,  thereby  increasing  the  internal  field
without  altering  band  positions.  Thus,  ferroelectric  polarization
acts  as  a  carrier-modulation  mechanism  rather  than  a  band-
engineering  strategy,  providing  an  effective  means  to  improve
photocatalytic  activity  by  facilitating  charge  separation  and
transfer.

3.5    Radical species and mechanistic verification
To  identify  the  primary  reactive  species  involved  in  the
photocatalytic  degradation  of  TC,  EPR  spectroscopy  was
conducted on La-BTO under light irradiation. As shown in Fig. 8,
distinct  signals  corresponding  to  superoxide  radicals  (∙O2

−,
Fig.  8(a))  and  hydroxyl  radicals  (∙OH, Fig.  8(b))  were  observed,
while no evident signals of photogenerated holes or singlet oxygen
(1O2)  were  detected  (Fig.  S13  in  the  ESM).  The  intensity  of  ∙O2

−

 

Fig. 7    KPFM studies of D-BTO, BTO, and La-BTO. Surface potential images of D-BTO (a) in dark and (b) light, (c) corresponding surface potential curves along white
lines in (a, b). Surface potential images of BTO (d) in dark and (e) light, (f) corresponding surface potential curves along white lines in (c, d). Surface potential images of
La-BTO in (g) dark and (h) light, and (i) corresponding surface potential curves along white lines in (g, h).
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and ∙OH signals increased with prolonged illumination, indicating
continuous generation of these species during photocatalysis. The
strong  ∙O2

− signal  suggests  that  photogenerated  e− efficiently
reduces  surface-adsorbed  O2 molecules,  which  play  a  dominant
role in TC degradation. The absence of detectable h+ signals does
not imply their absence but rather reflects their short lifetimes or
rapid trapping. Notably, these EPR results are consistent with the
band structure of La-BTO (Fig.  3(f)).  Since the ECB of  La-BTO is
more negative than the reduction potential of ·O2/∙O2

− (−0.33 eV),
photogenerated electrons can readily reduce O2 to ∙O2

−.  Similarly,
the EVB of La-BTO is more positive than the oxidation potential of
OH−/∙OH (1.99 eV) [19], allowing the generation of ∙OH radicals.
Together,  these  observations  confirm  the  formation  of  both  ∙O2

−

and ∙OH radicals during photocatalysis.
To  further  clarify  their  roles,  scavenger  experiments  were

conducted,  as  illustrated  in Fig.  8(c).  AgNO3,  MeOH,  IPA,  and
p-BQ were used as scavengers for electrons, holes, ∙OH, and ∙O2

−,
respectively.  The  addition  of  p-BQ  resulted  in  a  drastic
suppression  of  photocatalytic  activity,  confirming  ∙O2

− as  the
dominant reactive species. IPA also reduced the degradation rate,
although  to  a  lesser  extent,  demonstrating  the  secondary
contribution of ∙OH radicals. In contrast, MeOH and AgNO3 had
negligible effects, further confirming that direct hole oxidation or
electron  reduction  are  not  major  pathways  under  these
conditions.  Collectively,  these  results  establish  that  TC
degradation  in  La-BTO is  primarily  driven  by  ∙O2

− radicals,  with
∙OH radicals playing a supplementary role.

A  schematic  illustration  of  the  proposed  photocatalytic
mechanism  is  presented  in Fig.  8(d).  Upon  light  excitation,  La-
BTO  generates  e−–h+ pairs.  The  enhanced  ferroelectric
polarization  produces  a  stronger  internal  electric  field  across  the
nanosheets,  which  promotes  directional  migration  of  carriers  to
the  surface  and  suppresses  bulk  recombination.  Surface-trapped

photoinduced  electrons  reduce  O2 to  ∙O2
−,  while  holes  oxidize

OH−/H2O  to  produce  ∙OH.  These  reactive  oxygen  species
synergistically  decompose  TC  molecules  into  smaller,  less  toxic
products. The overall process can be described by Reactions (2)–(6)
[18,76]:

Catalyst+ hν → e− + h+ (2)

O2 + e− → ∙O−
2 (3)

H2O ↔ H+ +OH− (4)

h+
+OH− → ∙OH (5)

∙O−
2 /∙OH+ TC → Decomposed products (6)

The  photocatalytic  behaviors  of  D-BTO,  BTO,  and  La-BTO,
which  exhibit  systematically  varied  polarization  states,  have  been
compared to elucidate the role of  ferroelectric polarization in the
photocatalytic  degradation  of  TC.  Notably,  despite  their
comparable  band structures,  the  three  samples  showed markedly
different  photocatalytic  activities,  with  La-BTO  achieving  the
highest  degradation  rate  and  D-BTO  the  lowest.  This  trend
highlights  the  central  role  of  polarization  rather  than  band
structure in modulating photocatalytic performance. The internal
electric field arising from spontaneous polarization in ferroelectric
materials  plays  a  crucial  role  in  enhancing  charge  carrier
dynamics.  In  BTO,  spontaneous  polarization  facilitates  electron–
hole  separation,  while  La  substitution  enhances  this  polarization,
thereby  strengthening  the  internal  electric  field.  This  effect  is
corroborated  by  the  higher  photocurrent  density,  larger

 

Fig. 8    EPR spectra of (a) 5,5-dimethyl-1-pyrroline N-oxide (DMPO)–∙O2
− and (b) DMPO–∙OH. (c) Effects of various reactive species quenchers on TC degradation.

(d) Proposed mechanism for photocatalytic degradation of TC by ferroelectric La-BTO.
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photovoltage,  lower  charge-transfer  resistance,  and  shorter  PL
lifetime  observed  for  La-BTO.  In  contrast,  the  depolarization
treatment  (D-BTO)  suppressed  ferroelectricity,  resulting  in  poor
charge  separation,  severe  recombination,  and  inferior
photocatalytic activity.

These results demonstrate that La doping does not significantly
alter  the  intrinsic  band  structure  of  BTO.  Instead,  the
improvement  in  photocatalytic  performance  arises  from
polarization-induced  modulation  of  carrier  dynamics.  By
enhancing  charge  separation  and  migration,  ferroelectric
polarization  promotes  the  formation  of  reactive  oxygen  species,
particularly  ∙O2

−,  which  drive  the  efficient  photocatalytic
degradation of TC.

3.6    Degradation pathway and toxicity evaluation
To elucidate the degradation process of TC and assess the safety of
its  byproducts,  the  transformation  pathways  and  toxicity  of  TC
were  systematically  investigated.  The  degradation  products
generated  under  light  irradiation  with  La-BTO  as  the
photocatalyst  were  analyzed  using  LC–MS.  LC–MS  analyses  of
the reaction solution at 10 and 30 min were performed to identify
intermediates  and  byproducts,  with  the  corresponding  mass
spectra shown in Figs. S14(a) and S14(b) in the ESM. After 10 min
of  irradiation,  nine  major  intermediates  with  mass-to-charge
(m/z)  values  of  475,  453,  445,  413,  393,  349,  306,  301,  and  223
were detected,  along with smaller fragments (m/z = 164,  149,  74,
60). After 30 min, the dominant intermediates were reduced to six
larger  species  (m/z =  393,  349,  306,  301,  223,  and  164),
accompanied  by  smaller  fragments  (m/z =  159,  74,  and  60).  As
shown  in  Fig.  S8  in  the  ESM,  longer  irradiation  resulted  in  a
higher  proportion  of  low-molecular-weight  products,  indicating
progressive  mineralization.  The  proposed  structures,  formulas,
and m/z values  of  the  detected  intermediates  are  summarized  in
Table  S5  in  the  ESM,  and  the  inferred  degradation  pathway  is

illustrated in Fig. 9(a). The LC–MS results suggest that TC (m/z =
445)  undergoes  stepwise  degradation  through  decarboxylation,
hydroxylation,  ring  cleavage,  and  oxidative  dehydrogenation.
Specifically:  In  pathway  I,  under  the  attack  of  ∙O2

− and  ∙OH
radicals,  the  N–CH3 group  of  TC  is  oxidized  to  the  N–CHO
group in product T1 (m/z = 475) [77,78], followed by deamination
and ring opening via ∙OH attack, producing T2 (m/z = 453) [79].
In pathway II, TC is attacked by ∙O2

− and ∙OH to generate T3 (m/z
=  393),  which  subsequently  undergoes  ring  opening  to  form  T5
(m/z =  349)  [79].  In  pathways  III  and  IV,  TC  undergoes
oxidation,  demethylation,  and  deamidation  under  the  action  of
∙O2

− and  ∙OH,  producing  intermediates  T4 (m/z =  413)  and  T8
(m/z =  306),  which  further  transform  by  ring  opening,
dehydration, and deamination into T6 (m/z = 301) and T9 (m/z =
164) [80]. T6 is subsequently cleaved by ∙OH to generate T7 (m/z =
223)  [81].  These  unstable  intermediates  are  further  oxidized  into
low-molecular-weight  compounds  such  as  T10 (m/z =  159),  T11
(m/z =  149),  T12 (m/z =  74),  and  T13 (m/z =  60)  [80]  and  are
ultimately  mineralized  into  inorganic  end-products,  including
H2O, CO2, and NH4

+ [82−84].
The  toxicity  of  TC  and  its  intermediates  was  predicted  using

the  Toxicity  Estimation  Software  Tool  (T.E.S.T.  ),  with  fathead
minnow LC50 (96 h), developmental toxicity, and mutagenicity as
evaluation  parameters  [85,86].  As  depicted  in Fig.  9(b),  the  LC50
values  revealed  that  most  intermediates  were  less  toxic  than  TC,
with T3,  T11,  T12,  and T13 exhibiting markedly higher LC50 values,
indicating  lower  toxicity.  Developmental  toxicity  simulations
(Fig. 9(c)) showed that TC itself was toxic (value = 0.86), whereas
most  intermediates  exhibited  reduced  developmental  toxicity
relative  to  TC.  Mutagenicity  assessments  (Fig.  9(d))  further
demonstrated  that  the  majority  of  intermediates  were  less
mutagenic  than  TC.  A  mutagenicity  index  below  0.5  indicates
negative results, and all intermediates except T1, T3, T4, and T5 fell
into  this  category.  Importantly,  progressive  degradation  leads  to

 

Fig. 9    (a) Possible pathways for TC degradation by La-BTO. Toxicity of TC and its degradation products including (b) fathead minnow LC50 (96 h), (c) developmental
toxicity, and (d) mutagenicity.
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extensive  mineralization  into  nontoxic  small  molecules  such  as
CO2 and  H2O,  further  reducing  ecological  risk.  Taken  together,
these results demonstrate that photocatalytic degradation of TC by
La-BTO proceeds through multistep oxidation, ring opening, and
deamination  pathways,  yielding  progressively  smaller  and  less
toxic  intermediates.  The  transformation  not  only  enhances
mineralization  but  also  substantially  reduces  overall  toxicity,
thereby  confirming  the  potential  of  La-BTO  photocatalysis  for
mitigating the environmental hazards of TC.

4    Conclusions
In  summary,  BTO  and  La-BTO  photocatalysts  were  synthesized
via  a  hydrothermal  method,  while  D-BTO  was  prepared  as  a
control to decouple the effect of ferroelectric polarization. Despite
exhibiting comparable band structures, the three samples showed
markedly  different  photocatalytic  activities  toward  TC
degradation: La-BTO achieved a degradation rate of 94.6% within
30  min  at  an  initial  concentration  of  50  mg/L,  which  was
significantly higher than that of pristine BTO (70.7%) and D-BTO
(40.7%). The superior performance of La-BTO is attributed to the
enhanced  ferroelectric  polarization  induced  by  La  substitution,
which facilitates directional charge migration and suppresses bulk
recombination  under  visible-light  irradiation.  This  polarization-
driven  charge  separation  mechanism  was  corroborated  by  EIS,
photocurrent  responses,  and  TRPL,  all  evidencing  more  efficient
charge transport in La-BTO. Consequently, La-BTO exhibited the
highest photocatalytic efficiency toward TC degradation, primarily
through  the  generation  of  ∙O2

− and  ∙OH  radicals.  Beyond
improving  photocatalytic  activity,  these  findings  advance  the
understanding  of  how  ferroelectric  polarization  modulates
interfacial  redox  processes.  This  work  demonstrates  the  critical
role of polarization engineering in photocatalysis and highlights a
rational  strategy  for  designing  high-performance  ferroelectric
photocatalysts for environmental remediation.
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