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Abstract

Barium titanate (BaTiO3) has long been recognized as a promising photocatalyst for solar-
driven water splitting due to its unique ferroelectric, piezoelectric, and electronic properties.
This review provides a comprehensive analysis of atomistic simulation studies of BaTiO3,
highlighting the role of density functional theory (DFT), ab initio molecular dynamics
(MD), and classical all-atom MD in exploring its photocatalytic behavior, in line with vari-
ous experimental findings. DFT studies have offered valuable insights into the electronic
structure, density of state, optical properties, bandgap engineering, and other features of
BaTiO3, while MD simulations have enabled dynamic understanding of water-splitting
mechanisms at finite temperatures. Experimental studies demonstrate photocatalytic water
decomposition and certain modifications, often accompanied by schematic diagrams illus-
trating the principles. This review discusses the impact of doping, surface modifications,
and defect engineering on enhancing charge separation and reaction kinetics. Key findings
from recent computational works are summarized, offering a deeper understanding of
BaTiO3’s photocatalytic activity. This study underscores the significance of advanced multi-
scale simulation techniques for optimizing BaTiO3 for solar water splitting and provides
perspectives on future research in developing high-performance photocatalytic materials.

Keywords: BaTiO3; doping; defect engineering; surface functionalization; atomistic study;
photocatalytic water splitting

1. Introduction
Green hydrogen, produced from renewable energy sources, is a promising alternative

fuel that plays a key role in reducing carbon emissions and enabling a sustainable, carbon-
free energy future, in line with the goals of the Paris Agreement [1–5]. Several key methods
are employed to produce green hydrogen efficiently [6–10]. Among them, photocatalytic
water splitting is a well-established technique that uses photocatalysts, typically semicon-
ductor materials such as titanium dioxide (TiO2) or other metal oxides, to absorb sunlight
and facilitate the decomposition of water into hydrogen and oxygen [11–16]. These photo-
catalysts enhance reaction efficiency by reducing activation energy and improving charge
separation, making them a cost-effective and scalable option for hydrogen production.
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1.1. Photocatalytic Water Splitting and Its Challenges

Figure 1 presents a schematic illustration of three distinct water-splitting methods:
electrochemical, photoelectrochemical, and photocatalytic water splitting [17].

Figure 1. Schemes illustrate three major water splitting methods. Reprinted from [18].

In electrochemical water splitting, an external electrical source drives the water elec-
trolysis process, typically using alkaline or proton exchange membrane electrolyzers. Photo
electrochemical water splitting combines light absorption and electrochemical reactions
in a single system, where a semiconductor photoelectrode absorbs solar energy to gener-
ate charge carriers for water splitting. In photocatalytic water splitting, a photocatalyst
directly absorbs sunlight to excite electrons, facilitating overall water splitting without
external bias, though its efficiency remains lower than the other methods [18–22]. Photocat-
alytic water splitting relies on semiconductor photocatalysts that absorb light and generate
electron–hole pairs, which facilitate the redox reactions necessary for water decomposition.

Various photocatalysts have been explored for their efficiency and stability in hydrogen
production [23–26]. Among these materials, perovskite-based photocatalysts have gained
significant attention due to their excellent light absorption, charge separation efficiency,
and structural tunability.

Despite its potential, photocatalytic water splitting faces several challenges that limit
its efficiency and large-scale application, including (i) low efficiency—many photocatalytic
materials exhibit low solar-to-hydrogen conversion efficiencies, requiring further improve-
ments to enhance practical viability; (ii) limited light absorption—some photocatalysts, such
as TiO2, primarily absorb ultraviolet light, which constitutes only a small fraction of the so-
lar spectrum, limiting their overall efficiency in utilizing sunlight for hydrogen production;
(iii) charge recombination—the photogenerated electron–hole pairs often recombine before
participating in the water-splitting reaction, significantly reducing the quantum yield and
overall hydrogen generation rate; (iv) photocorrosion—certain semiconductor materials
suffer from instability in aqueous solutions, undergoing degradation due to photocorrosion,
which compromises their long-term performance; and (v) high overpotentials—the water-
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splitting reaction requires overcoming high overpotentials, which slows down reaction
kinetics and demands the use of additional co-catalysts to improve efficiency [26–30].

Addressing these challenges requires material modifications, such as doping, hetero-
junction formation, and surface engineering, to improve light absorption, charge separation,
and stability. In this regard, barium titanate (BaTiO3) has long been recognized as a promis-
ing photocatalyst for water splitting due to its strong ferroelectric properties, high chemical
stability, and ability to enhance charge separation, thereby improving photocatalytic effi-
ciency. This review focuses on the role of BaTiO3 in photocatalytic water splitting. BaTiO3,
with its inherent ferroelectric properties and chemical stability, has shown promise in
overcoming some of these limitations, making it a compelling candidate for photocatalytic
water splitting applications.

1.2. Background Information Regarding the Use of BaTiO3 for Photocatalytic Water Splitting

BaTiO3 is a perovskite-type oxide semiconductor that has attracted significant atten-
tion for photocatalytic water splitting due to its unique combination of structural and
electronic properties [31–38]. The following features are particularly important for its
photocatalytic performance:

(i) Wide bandgap semiconductor

BaTiO3 possesses a wide bandgap (typically 3.0–3.2 eV), enabling it to absorb ultravio-
let light and generate the electron–hole pairs necessary for photocatalytic reactions. This
bandgap is suitable for driving the redox reactions involved in water splitting, although it
limits absorption to the ultraviolet region.

(ii) Ferroelectricity and spontaneous polarization

The ferroelectric nature of BaTiO3, especially in its tetragonal phase, results in sponta-
neous polarization. This internal electric field promotes efficient separation of photogener-
ated electron–hole pairs, reducing recombination and enhancing photocatalytic efficiency.

(iii) High charge separation efficiency

The intrinsic polarization fields in BaTiO3 facilitate the migration of electrons and
holes to the surface, where they participate in water oxidation and reduction reactions. This
property is crucial for improving the quantum efficiency of photocatalytic water splitting.

(iv) Chemical stability

BaTiO3 exhibits excellent chemical stability in aqueous environments and under irra-
diation, making it a durable photocatalyst for long-term water splitting applications.

(v) Favorable band edge positions

The conduction band (CB) and valence band (VB) edges of BaTiO3 are well-aligned
with the redox potentials required for water splitting. The CB is sufficiently negative for
hydrogen evolution, while the VB is positive enough for oxygen evolution.

(vi) Perovskite crystal structure

The perovskite structure of BaTiO3 allows for easy modification through doping or
compositional tuning, which can further optimize its optical absorption, charge transport,
and surface reactivity for photocatalytic applications.

Moreover, BaTiO3 undergoes several phase transitions (cubic, tetragonal, hexagonal,
orthorhombic, and rhombohedral), depending on the temperature (Figure 2) [39–42]. At
above ~120 ◦C, it adopts a cubic (Pm3m) perovskite structure, which is a paraelectric and
centrosymmetric phase. Between ~5 ◦C and 120 ◦C, BaTiO3 transitions to a tetragonal
(P4mm) phase, a ferroelectric structure characterized by spontaneous polarization along
the c-axis. As the temperature decreases further to between ~−90 ◦C and 5 ◦C, it takes on
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an orthorhombic (Amm2) phase, where the polarization shifts to a different direction com-
pared to the tetragonal phase. Below ~−90 ◦C, the material stabilizes in a rhombohedral
(R3m) phase, with spontaneous polarization along the [111] direction. Additionally, BaTiO3

can exist in a hexagonal (P63/mmc) phase under high-pressure or non-equilibrium condi-
tions, but this phase is not a stable ferroelectric structure under normal conditions [39–42].
Among all those phases, the tetragonal phase, stable at room temperature, is particularly
beneficial for photocatalysis due to its strong ferroelectric polarization, which enhances
charge separation [41–55].

Figure 2. Atomistic representation of polymorphic BaTiO3 structures in different phases: (a) cubic,
(b) rhombohedral, (c) orthorhombic, (d) tetragonal, and (e) hexagonal [40]. Reprinted with permission
from [40]. Copyright 2023, Elsevier.

1.3. Atomistic Studies of the BaTiO3 Photocatalyst

Atomistic simulations play a crucial role in understanding the photocatalytic prop-
erties of BaTiO3, providing insights at multiple scales through density functional the-
ory (DFT), ab initio molecular dynamics (MD), and classical all-atom MD simulations
(Figure 3) [56,57].
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Figure 3. Illustration of different scales in computational engineering and material design. Reprinted
from [58–62]. Copyright 2022, Elsevier [59]; copyright 2020, American Chemical Society [62].

DFT is widely utilized to accurately describe the electronic structure, phase stability,
and defect behavior of BaTiO3 at the atomic level. It offers a cost-effective approach for
investigating its ferroelectric and piezoelectric properties, which are crucial for its photo-
catalytic activity. Given that BaTiO3 undergoes multiple temperature-dependent phase
transitions, DFT calculations help predict the relative stability of different polymorphs (cu-
bic, tetragonal, hexagonal, orthorhombic, and rhombohedral) and their corresponding elec-
tronic and vibrational characteristics [63–65]. Moreover, DFT enables researchers to explore
how external factors such as doping, strain, and electric fields modify the dielectric and elec-
tronic properties, making it invaluable for designing optimized photocatalytic materials.

Beyond structural analysis, DFT provides detailed insights into BaTiO3’s electronic
band structure and charge distribution, which are fundamental for photocatalysis. It aids in
determining bandgap energies and evaluating charge transfer mechanisms, crucial for un-
derstanding photoinduced electron–hole separation in water splitting applications [64–69].
Additionally, defect formation energy calculations using DFT help assess the impact of oxy-
gen vacancies, which play a critical role in tuning BaTiO3’s optical and electronic response
for enhanced photocatalytic performance.

To complement DFT, ab initio MD simulations provide a temperature-dependent and
dynamic perspective on BaTiO3’s behavior in aqueous environments or under irradiation
conditions. Ab initio MD simulations help investigate surface interactions, the stability
of adsorbed water molecules, and proton transfer mechanisms, which are essential for
assessing BaTiO3’s efficiency in photocatalytic water splitting [70–75]. Furthermore, ab
initio MD simulations capture thermal fluctuations and structural rearrangements that
static DFT calculations cannot fully describe, offering a more realistic depiction of BaTiO3’s
catalytic interface under operating conditions.

In addition, classical all-atom MD simulations provide large-scale insights into BaTiO3

nanoparticle stability, solvent interactions, and ion diffusion in solution-based photocat-
alytic processes. By employing force field-based molecular dynamics, these simulations
help analyze solute–solvent interactions, charge carrier mobility, and ion adsorption at
BaTiO3 surfaces [72–80]. This is particularly important for studying BaTiO3-based hy-
brid photocatalysts, where interactions with co-catalysts, organic molecules, or electrolyte
species significantly influence performance.
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By integrating DFT calculations, ab initio MD simulations, and classical all-atom MD
simulations, researchers can develop a multiscale understanding of BaTiO3’s photocat-
alytic properties. This combined approach not only aids in optimizing BaTiO3’s electronic
and structural features, but also guides the design of novel photocatalytic systems for
applications in hydrogen production.

1.4. Outline of Our Review

This work presents a topical and characteristic analysis of recent computational studies
of BaTiO3-based photocatalysts for solar water splitting. There were various works con-
ducted for the atomistic study of advanced energy materials, including fuel cells, batteries,
hydrogen fuel storage, carbon capture, drug design, and others [81–100]. Computational
modeling and simulation techniques have become essential tools for examining the elec-
tronic structure, defect dynamics, charge transport, and reaction mechanisms of BaTiO3 in
photocatalytic applications.

Several computational approaches are commonly utilized in this field:
DFT calculations offer critical insights into the band structure, density of states, charge

transfer processes, and defect formation energies [101–110] of BaTiO3. These studies assist
in identifying optimal doping strategies to enhance photocatalytic performance.

Ab initio MD simulations are used to investigate the thermal stability, charge carrier
dynamics, and interfacial interactions [111–120] of BaTiO3 in aqueous environments under
realistic conditions. Ab initio MD provides valuable data on the time evolution of atomic-
scale processes.

Classical all-atom MD simulations help analyze the structural and solvation
characteristics [121–125] of BaTiO3 surfaces in water. These simulations offer insights
into surface adsorption behavior, charge transfer dynamics, and the mechanisms underly-
ing the water-splitting reaction.

To the best of our knowledge, comprehensive reviews integrating these atomistic
simulation techniques for BaTiO3 photocatalysis remain scarce. This work aims to introduce
these computational methods and highlight their recent applications in studying BaTiO3-
based solar-driven water splitting, alongside relevant experimental findings to provide a
more comprehensive understanding.

The discussions in this paper are illustrative, and the examples provided are repre-
sentative. We believe this review will serve as a valuable resource for researchers focused
on designing and optimizing BaTiO3 photocatalysts, encouraging the adoption of DFT,
ab initio MD, and classical all-atom MD simulations to explore material properties across
different length and time scales, in line with relevant experimental works.

2. Main Body
2.1. DFT Calculations

DFT calculations serve as a cornerstone for investigating the electronic structure
and energetic properties of BaTiO3-based systems. By solving the Kohn–Sham equations
under various approximations for exchange-correlation functionals, DFT provides detailed
insights into charge distribution, density of states, and interaction energies at the atomic
scale [126–138]. Despite its accuracy, conventional DFT calculations can be computationally
demanding, especially for large systems or complex defect structures. To address this,
hybrid functionals and dispersion corrections are often incorporated to enhance accuracy,
while computational efficiency is improved through localized basis sets and advanced
numerical techniques. In this regard, a series of DFT studies in the field of photocatalytic
water splitting for BaTiO3-based systems is reviewed in the following paragraphs and in
Table 1.
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Table 1. Recently performed DFT calculation details and main findings.

Designed Systems Methods Main Findings

TiO2, TiO2/BaTiO3,
TiO2@

BaTiO3/CdS [139]

DFT calculations using Vienna Ab initio Simulation
Package (VASP) with Generalized Gradient
Approximation-Perdew Burke Ernzerhof
(GGA-PBE) functional.

Projector-augmented wave (PAW) method for
ion–electron interactions (cutoff energy: 400 eV).

DFT + Hubbard U correction (DFT + U) approach for
d-electron correlation correction.

Finite-Difference Time-Domain (FDTD) method for
electric field distribution simulations.

Calculated bandgap of TiO2: 3.22 eV.
CB primarily composed of O(p) orbitals.
VB primarily composed of Ti(d) orbitals.
Photogenerated charge likely accumulates in these orbitals.
After combining with BaTiO3, CB and VB compositions remain
similar to TiO2.
Calculated bandgap decreases.
Adding CdS clusters to TiO2/BaTiO3 caused slight crystal
distortion in BaTiO3, potentially inducing spontaneous
polarization.
Density of states at CB and VB formed by S(p), Ba(d), and
Cd(d) orbitals.
Bandgap further decreased.
However, the authors noted that this significant reduction in
bandgap contradicts experimental results due to known
limitations of standard DFT.
TiO2/BaTiO3/CdS nanosheet exhibits an intrinsic electric field,
facilitating charge separation and diffusion to the surface.

Wheat-heading
BaTiO3,

wheat-heading
BaTiO3-oxygen
vacancy [140]

DFT calculations using Materials Studio 2017, with
GGA-PBE functional.

Plane wave cutoff energy: 400 eV.

K-point mesh: 3 × 3 × 3.

Maximum force tolerance: 0.05 eV/Å.

Cleaved along [001] direction and vacuum thickness of
10 Å in z-direction.

Bandgap for wheat-heading BaTiO3: 3.05 eV.
CB mainly composed of Ti 3d and O 2p orbitals.
VB dominated by O 2p orbitals.
Charge transfer from O 2p to Ti 3d.
After oxygen vacancy, bandgap reduced to 2.71 eV. VB remains
dominated by O 2p orbitals.
CB contributions shift to O 2p, Ba 3d, and Ti 3d.
Enhanced charge transfer between Ti and O vacancy.
Higher charge density improves
piezo-photocatalytic performance.

Pure BaTiO3,
non-metal-doped
BaTiO3 (X@O or

X@Ti, X = C, Si, N, P,
S, Se, F, Cl, Br, I) [141]

Spin-polarized DFT calculations using VASP with
GGA-PBE functional.

PAW method for core electrons.

Plane-wave cutoff energy: 400 eV.

9 × 9 × 9 Monkhorst–Pack k-point mesh.

Fully optimized cubic BaTiO3 unit cell with a lattice
parameter of 4.004 Å.

Geometry convergence criterion: forces < 0.01 eV/Å.

Hybrid functional (HSE06) for electronic structure
calculations with Hartree–Fock (HF) exchange fraction
(α) = 0.32.

Substituting O or Ti with non-metal dopants at a
doping concentration of 2.5 at.%.

Structural and electronic properties of BaTiO3 were
well reproduced.
Bandgap improved with HSE06 functional, aligning with
experimental values.
Basis for further doping studies to enhance
photocatalytic properties.
F- and N-doped BaTiO3 (X@O) and Si-doped BaTiO3 (X@Ti)
showed negative formation energy, indicating
thermodynamic stability.
Stability of doping systems depends on ionic radius and
electronegativity of dopants relative to O or Ti.
C-, S-, Se-, and I-doped BaTiO3 (X@O) extended the absorption
edge into the visible light region, enhancing photocatalytic
water splitting capabilities.
S- and Se-doped BaTiO3 (X@Ti) exhibited potential for water
splitting under visible light.
Doping-induced modifications improved both photo-oxidation
and photo-reduction properties of BaTiO3.

Pure BaTiO3,
La-doped

BaTiO3 [142]

Materials Studio DFT with GGA-PBE functional.

Birch–Murnaghan equation of state for
lattice optimization.

Cut-off energy: 340 eV.

BaTiO3 exists in a cubic structure (Pm3m) with Ba at corners, Ti
at the body center, and O at face centers.
The calculated lattice constant is 4.034 Å, closely matching
experimental values.
Optical properties such as dielectric function, absorption, and
refractive index are analyzed.
La doping at Ba sites reduces the lattice parameter (a = 3.971 Å)
and unit cell volume.
Reduced bandgap enhances conductivity by facilitating
electron–hole recombination.
The La-5d states contribute significantly to the conduction band.
Optical properties, including dielectric function, absorption,
and refractive index, are modified.
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Table 1. Cont.

Designed Systems Methods Main Findings

BaTiO3 with Ba and
Ti vacancy [143]

Modeled using Materials Studio.

Optimized structure using VASP.

First-principles calculations based on DFT framework.

2 × 2 × 2 crystal structure containing 8 Ba, 24 O, and
8 Ti atoms.

PAW and PBE methods used for structure optimization
and charge density calculations.

Lattice distortion occurs due to Ba and Ti vacancies, affecting
oxygen coordination and Coulomb repulsion.
Oxygen vacancies are necessary for charge conservation in
the system.
Lattice expansion and distortion due to Ti and O vacancies are
significantly higher than those caused by Ba and O vacancies.
Charge density changes:

• Ba and O vacancies decrease charge density in specific
regions of the unit cell.

• Ti vacancy increases and homogenizes charge density at
the vacancy position.

Lattice deformation leads to internal atomic shifts, with Ti
atoms moving away from symmetry centers.

Pure BaTiO3,
Mo-doped BaTiO3

(2.5 at%) [144]

First-principles calculations using DFT with the
supercell approach, performed using VASP.

Functional: GGA for the PAW method.

Structural model: cubic 1×1×1 BaTiO3 unit cell.

Plane-wave energy cutoff: 500 eV.

K-point sampling: Monkhorst–Pack grid of 7 × 7 × 7.

The calculated bandgap of pure BaTiO3 is 1.56 eV, which is
underestimated due to DFT limitations.
Charge–density analysis confirms covalent Ti–O bonding.
Mo doping narrows the bandgap to 1.27 eV due to impurity
levels formed by Ti 3d and Mo 3d interactions, and
DFT limitations.
Mo–O bonding results in a more uniform charge distribution
than pure BaTiO3.

Pure BaTiO3,
Cs-doped BaTiO3

(0.13%, 0.26%, 0.39%)
[145]

Geometry optimization and property investigation
with GGA-PBE exchange correlation functional with
DFT + U correction (U = 4 for Ti-d orbital).

Vanderbilt-type ultrasoft pseudopotentials for
electron–ion interactions.

Pulay density mixing scheme applied.

Monkhorst–Pack method for k-point sampling
(6 × 6 × 6 k-points mesh).

Energy cutoff = 630 eV.

Total energy difference per atom: 2 × 105 eV.

Max ionic displacement: 2 × 103 Å.

Cubic phase (Pm3m, 221) chosen.

For pure BaTiO3.
Total density of state maximum peak at 4.29 eV (6.58 value),
with other peaks at 1.79 eV and 0.95 eV.
Phonon spectra show no imaginary frequencies,
confirming stability.

For Cs-doped BaTiO3 (0.13%, 0.26%, 0.39%).
Bandgap converts from indirect to direct upon Cs doping.
Total density of state of 0.13% Cs-doped BaTiO3 shows
enhanced peaks, with a maximum peak at 0.77 eV (57.46 value).
New peaks in total density of state appear at 3.43, 2.37, 2.40,
3.36, and 4.47 eV.
Phonon spectra confirm stability for 0.13% Cs-doped BaTiO3
(no imaginary frequencies detected).

BaTiO3 (111) surfaces
with different

terminations [146]

DFT calculations using VASP.

PAW method for core electrons.

Plane-wave basis with 400 eV cutoff.

DFT + U approach with PBE functional (Ueff = 4.0 eV
for Ti 3d).

Considered stoichiometric (BaO3, Ti) and
non-stoichiometric (BaO2, BaO, Ba, O3, O2,
O) terminations.

Surface energy and stability.
BaO2 and O terminations have the lowest cleavage energies,
making them the most thermodynamically stable.
Removal of oxygen, Ti, or Ba reduces cleavage energy,
stabilizing polar surfaces.
Excess Ba (BaO + O2) or oxygen (Ba + O3) leads to instability
with higher cleavage energies.
Phase diagram analysis.
BaO2 and O terminations dominate under wide O- and
Ba-rich conditions.
Stoichiometric BaO3 and Ti terminations are stable only in
limited conditions.
Results from O-Ti phase diagram match O-Ba phase diagram,
confirming BaO2 and O as the most stable.

Charge compensation mechanism.
Bader charge analysis shows charge redistribution in surface
layers to compensate dipole moments.
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Table 1. Cont.

Designed Systems Methods Main Findings

BaTiO3 doped with
chalcogens (S, Se, Te)

at different
concentrations [147]

DFT calculations using WIEN2K package with
FP-LAPW method and LDA + mBJ
exchange-correlation potential.

Calculation of ε(ω) = ε1(ω) + iε2(ω).

BaTiO3 has a cubic Pm3m structure.
Lattice constant (a0 = 3.9412 Å) agrees with experimental
(4.0000 Å) and theoretical values.
The forbidden bandgap decreases with increasing chalcogen
concentration due to electronegativity differences.
Doping reduces the bandgap significantly.
Strong hybridization occurs between O 2p and chalcogen
p orbitals.

Pressed BaTiO3 (2.3%
axial compressive

strain), BaTiO3 under
triaxial compressive

strain [148]

Ab initio calculations based on DFT.

Exchange correlation potential: local density
approximation (LDA).

Brillouin zone integration: 6 × 6 × 6 k-points for
electronic and optical properties, 10 × 10 × 10 for
thermoelectric properties.

Structural optimization: comparison with experimental
and theoretical results.

Lattice constant reduced to ap = 3.8505 Å.
Pressed BaTiO3 exhibits a direct bandgap at the Γ point, unlike
pure BaTiO3, which has an indirect bandgap.
Further bandgap reduction compared to non-pressed
doped structures.
Pressed BaTiO3exhibits slightly higher optical property peaks
in ε1(ω) and ε2(ω) compared to pure BaTiO3.
Electronic properties:
Pure BaTiO3is a semiconductor with an indirect bandgap.
Under ξ = 2.3% compressive strain, BaTiO3 transitions to a
direct bandgap semiconductor, improving potential for
photovoltaic applications.
Density of states analysis confirms VB is mainly O 2p, while CB
is Ti 3d.
Bandgap increases with strain, indicating possible piezoelectric
properties.

BaTiO3 (001) surfaces
doped with metal

and non-metal
elements [149]

DFT calculations using VASP, PBE functional under
GGA, and HSE06 hybrid functional.

Plane-wave cutoff energy: 400 eV.

K-point mesh: 9 × 9 × 9 for bulk optimization and
3 × 3 × 1 for surface calculations.

The tetragonal BaTiO3 unit cell was fully optimized, with
lattice parameters a = b = 3.992 Å, c = 4.056 Å, matching
experimental and theoretical results.
BaTiO3 (001) surface modeled with TiO2- and
BaO- terminations.
Symmetric slabs (odd atomic layers) were adopted due to the
absence of macroscopic dipole moments.
Co-doped systems (M + X) are more stable when M and X are
adjacent due to M-X bond formation.
Formation energies indicate that O substitution by C or N is
easier under Ti-rich conditions, while Ti substitution by metal
dopants is favored under O-rich conditions.
Binding energy calculations show that co-doped systems are
more stable than mono-doped systems.
The computed bandgap of bulk BaTiO3 is 3.03 eV, while the
pure BaTiO3 (001) surface has a bandgap of 1.42 eV.
Passivated co-doping (e.g., V + N, Nb + N, Ta + N) introduces
charge compensation, eliminating mid-gap states.
The Ta + N co-doping system leads to the most significant
bandgap narrowing (1.09 eV) due to the upshift of the valence
band maximum.

BaTiO3 polymorphs
(cubic, rhombohedral,

orthorhombic,
tetragonal,

hexagonal) [150]

First-principles calculations using DFT framework
(GGA-PBE, LDA, and HSE06 functionals).

Optimized lattice parameters are consistent with theoretical
and experimental results.
Formation enthalpies indicate all phases are energetically
stable, with the cubic phase being the most stable.
Band structure analysis shows indirect bandgaps for four
phases and a direct bandgap for the hexagonal phase.
GGA-PBE and LDA underestimate bandgaps, while HSE06
gives values closer to experimental data.
Higher electron mobility and conductivity inferred from band
structure analysis.
Density of states analysis confirms structural stability and
electrical conductivity.
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Table 1. Cont.

Designed Systems Methods Main Findings

Porous graphene
with BaTiO3, [151]

Electronic structure and density of states calculations
using Quantum Espresso with PBE pseudopotentials.

k-mesh: 9 × 9 × 1 for self-consistent field (scf) and
18 × 18 × 1 for non-self-consistent field calculations.

Energy cutoff: 90 Ry for wavefunctions, 740 Ry for
charge density.

Redshift in absorption edges of porous graphene with BaTiO3
compared to pure BaTiO3.
Lower fluorescence intensity indicates reduced charge carrier
recombination, enhancing photocatalytic efficiency.
Electron migration from BaTiO3 to porous graphene via Ba–C
bond supports charge separation.
Fully relaxed 5 × 5 × 1 supercell of porous graphene with
BaTiO3 with a 12 Å vacuum to prevent interaction
between composites.
Estimated bandgap of 1.74 eV (indirect, R to Γ), lower due to
DFT underestimation.
Additional bandgaps observed: direct at Γ, indirect from M to Γ.
BaTiO3: VB primarily from O ‘p’ states; CB dominated by Ti ‘p’
states with minor O ‘p’ contributions.

Ba1−xGaxTiO3
(x = 50%) [152]

DFT calculations.

Tetra-elastic package for elastic properties.

Ba1−xGaxTiO3 was studied using full-potential
linearized augmented plane wave method.

A 2000 k-point mesh was used for Brillouin
zone integration.

Band structure and density of states were analyzed for
electronic properties.

Elastic coefficients were calculated using a Eulerian
strain approach.

The unit cell structure was modeled with
tetragonal symmetry.

Pristine BaTiO3 exhibits an indirect bandgap of 2.65 eV.
Partial density of states analysis shows significant contributions
from O p, Ti d, and Ga p states.
Dielectric constant (ε1 (0)) increased from 8.8 (pure) to
100 (Ga-doped).
A peak in the imaginary dielectric function ε2(ω) at 3.9 eV
corresponds to O p electron transitions to the conduction band.
Ga doping shifts absorption peaks towards the visible and
infrared regions, enhancing optical activity.

BaTiO3/NiFe
heterojunctions [153]

First-principles DFT calculations within GGA using a
PBE functional.

PAW potentials for ionic cores.

Plane-wave basis set with a 450 eV cutoff.

Formation of BaTiO3/NiFe heterojunctions increased Ni3+

content (45% → 68% for NiFe, 61% → 83% for BaTiO3/NiFe)
after oxygen evolution reaction test.
Fe3+/Fe2+ ratio increased slightly after oxygen evolution
reaction test, improving oxygen evolution reaction
electrocatalytic activity.
Free energy calculation showed a lower rate-determining step
energy for heterojunction.
Charge density difference analysis showed electron transfer
from NiFe to BaTiO3, improving oxygen evolution
reaction activity.

BaTiO3 [154]

DFT using VASP.

PBE exchange-correlation function.

PAW pseudopotentials.

Cutoff energy: 520 eV.

Monkhorst–Pack 2 × 2 × 1 k-points for Brillouin
zone sampling.

The bandgaps of synthesized materials (3.24 eV, 3.20 eV, and
3.13 eV) are close to theoretical values, confirming minimal
influence from PtOx loading.
Pt-O-Ti3+ sites act as defect energy levels and oxidation sites.
Charge density analysis revealed electron accumulation around
PtOx and depletion around Ti atoms.
Polarization studies showed improved current response for
PtOx-loaded samples, confirming enhanced
photocatalytic activity.
Pt serves as an electron aggregation center, accelerating proton
reduction for hydrogen production.
Oxygen vacancies facilitate charge aggregation, and Ti3+

defects enhance rapid electron transfer.

BaTiO3/SrTiO3
[155]

First-principles calculations using DFT, VASP.

GGA with PBE functional.

Kinetic cutoff energy: 520 eV.

Brillouin zone sampling: 5 × 5 × 1.

External electrostatic field along [001] direction
(E = 0.1 eV/Å).

The BaTiO3/SrTiO3 heterojunction has a lower bandgap
compared to individual SrTiO3 and BaTiO3, promoting
photocatalytic efficiency.
Differential charge density analysis reveals efficient electron
transfer from BaTiO3 to SrTiO3 at the heterostructure interface.
Hydrogen adsorption Gibbs free energy shows SrTiO3 (0.57 eV),
BaTiO3 (−1.01 eV), and BaTiO3/SrTiO3 (−0.42 eV), indicating
BaTiO3/SrTiO3 has optimized adsorption–desorption balance.
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Table 1. Cont.

Designed Systems Methods Main Findings

Zr + X co-doped
BaTiO3 systems [156]

DFT calculations.

Full-potential linearized augmented plane-wave.

2 × 2 × 2 supercell approach for constructing doped
and co-doped systems.

K-mesh: 12 × 12 × 12 for bulk, 6×6×6 for supercell.

Structural and thermodynamic properties:
The computed cohesive energies of S, Se, and Te match well
with previous studies.
Electronic properties:
X-doped systems have valence band edges composed of O 2p
states with contributions from X p states.
Zr-doped system shows conduction band modifications due to
Zr 4d states.
Zr + X co-doping leads to a reduced bandgap, making it
promising for visible light applications.

Metal oxide/BaTiO3
[157]

DFT using Quantum Espresso.

GGA for exchange-correlation functional.

Plane wave basis (320 Ry cut-off) k-point meshes:
6 × 6 × 1 for integration, 12 × 12 × 1 for density
of states.

Marzari–Vanderbilt cold smearing (0.05 Ry).

Charge carrier effective masses calculated from Bloch
band curvature.

Structural properties:
ZnO/BaTiO3 shows a decrease in BaTiO3 lattice vector c due to
interface-induced tetragonality enhancement.
Interface distances: ZnO/BaTiO3 (2 Å), TiO2/BaTiO3 and
SnO2/BaTiO3 (4 Å).
ZnO mid-slab oxygen layers exhibit large displacements due to
interface interactions.
Lattice mismatch effects cause strain in BaTiO3, compressing c
in ZnO/BaTiO3.
Electronic properties:
Bandgaps in bulk: BaTiO3 (3.28 eV), ZnO (3.41 eV), TiO2
(3.17 eV), SnO2 (3.52 eV).
Interface effects modify band structures, introducing
metal-induced gap states in ZnO/BaTiO3.

Rhombohedral
BaTiO3 surface, pure
and Rh-doped [158]

Ab initio plane-wave calculations using VASP with
PAW formalism and PBE-GGA exchange-correlation
functional.

Monkhorst–Pack grid: 2 × 2 × 2 for bulk, 2 × 2 × 1 for
slab.

Cutoff energy: 520 eV.

Convergence tolerance: 10−6 eV.

Slab models with seven alternating TiO2- and
BaO-planes and 13 Å vacuum gap.

Rh doping effects analyzed by replacing Ti with Rh
and re-optimizing structures.

Rhombohedral BaTiO3 is ferroelectric and stable below 90 ◦C.
Structural calculations show good agreement with
experimental and previous theoretical studies.
Ti displacement (−0.0137 Å) and O displacement (0.0232 Å)
along [111] in rhombohedral BaTiO3.
Calculated Ba–O (2.87 Å) and Ti–O (1.89 Å) bond lengths match
experimental data.
Direct bandgap of 2.25 eV is consistent with previous
theoretical studies, though underestimated by GGA-PBE.
BaTiO3 (001) surface (TiO2-terminated) is nonpolar with a
vacuum gap of 13 Å in slab models.
Rh doping (substituting Ti with Rh) slightly affects lattice
structure; minimal bond length change observed.
Effective charge of Rh (1.66 e) is lower than Ba (2.55 e).
Rh doping reduces the bandgap from 1.45 eV to 0.67 eV and
introduces an in-bandgap acceptor level (0.115 eV above
Fermi level).
Rh and O hybridized orbitals create defect states in the
bandgap, influencing photocatalytic performance.

BaTiO3/LaAlO3
heterostructures [159]

DFT calculations using Quantum Espresso.

Norm-conserving pseudopotentials GGA-PBE
functional for exchange-correlation.

Monkhorst–Pack k-point grid (10 × 10 × 1 for
heterostructure, 12 × 12 × 1 for bulk).

30 Å vacuum space with dipole correction DFT-D3(BJ)
for van der Waals interactions.

Plane-wave cutoff energy: 45 Ry.

Slab model for surface and interface calculations.

Optimized lattice parameters of bulk LaAlO3 (3.83 Å) and
BaTiO3 (3.97 Å) agree with experimental values.
Small lattice mismatch (−3.16%) heterostructure allows
epitaxial growth.
Ab initio MD and phonon dispersion results confirm dynamic
and thermal stability of BaTiO3/LaAlO3(001) heterostructures
at 300 K.
BaTiO3(001) surface has the lowest bandgap (3.44 eV), favoring
higher photocatalytic performance.
BaTiO3(011) and (111) surfaces show direct bandgap behavior
(4.05 eV, 3.75 eV).
Partial density of states analysis reveals that charge carrier
separation efficiency is influenced by surface composition.
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Table 1. Cont.

Designed Systems Methods Main Findings

BaTiO3 thin films
with TiO2- and

BaO-terminated slabs
for

electrocatalysis [160]

Ab initio periodic DFT + U calculations using the
Quantum Espresso package, with GGA + U
approximation and ultrasoft pseudopotentials.

U = 4 eV for Ti d states.

Kinetic energy cutoff: 320 eV.

K-point grids: 4 × 4 × 1.

Slabs modeled with four BaO and four TiO2 layers on
Pt as an electron reservoir.

Polarization direction affects electronic structure:
Upward polarization → Electron-rich surface (downward band
bending, Ti d states near Fermi level).
Downward polarization → Hole-doped surface (upward band
bending, O p states near Fermi level).
Surface energy calculations: TiO2-terminated slabs are the
most stable.
Hydrogen evolution reaction activity trends:
Poled-up surfaces show smaller reaction barriers for hydrogen
evolution reaction, making them more favorable.
Only H adsorption on O site of poled-down surface is optimal.

Up-poled and
down-poled

BiFeO3/BiVO4
heterostructures [161]

DFT calculations using CRYSTAL23 code with B3LYP
functional, D3 dispersion corrections, and
spin polarization.

Slabs modeled in R3c space group with (110)
surface exposed.

Up-poled BiFeO3 surface: spontaneously dissociates water
molecules, converting surface O to OH.
Oxygen vacancies migrate to the surface under upward
polarization, enhancing OH adsorption.
Stronger interaction with water compared to down-poled
BiFeO3, enhancing OW-C and OW-P peaks.
Binds molecular oxygen more strongly, which may slow
reaction rate.
Down-poled BiFeO3 surface: H+ adsorption promotes surface
OH− formation, enhancing OL-H peak.
OL and OL-H peaks shift to higher binding energies due to
ferroelectric polarization effects.
Weaker interaction with water, dominated by physisorption,
leading to weaker OW-C peak and stronger OW-P peak.
More fluid interaction with water and easier oxygen desorption,
improving reaction rate.
pH significantly affects BiFeO3-water interactions due to
availability of H+/OH−.

Anionic mono- and
co-doped

BaTiO3 [162]

QuantumATK software package
DFT with PBE-GGA.

Norm-conserving PseudoDojo pseudopotential.

Self-consistent field simulations, 10−8 Ha tolerance.

HSE06 hybrid density functional for
electronic calculations.

2 × 2 × 2 supercell approach with periodic
boundary conditions.

Lattice constants of mono-doped and co-doped BaTiO3
structures decrease due to incorporation of anionic elements.
Formation energy calculations indicate anionic co-doping is
more stable than mono-doping, especially in O-poor conditions.
N-doping introduces asymmetrical density of state, leading to
magnetic behavior (+1.0 µB).
P-doping also induces magnetism (+1.0 µB) and localized states
near the Fermi level.
C-doping introduces two acceptor levels, with a strong
magnetic moment (+2.002 µB).
S-doping maintains valence electron count, interacting with Ti
3d states and resulting in a favorable bandgap (2.24 eV) for
visible light absorption.
Co-doped systems (e.g., N-N, C-S, N-P) exhibit lower
formation energies than their mono-doped counterparts,
making them more thermodynamically favorable.
N–N co-doping is the most stable due to similar atomic radii
and strong anionic interactions.

Ir-doped BaTiO3
[163]

DFT calculations using VASP.

PAW method, GGA with PBE functional.

GGA + U method (U values: Ti = 4 eV, O = 8 eV,
Ir = 2 eV).

Self-consistent and non-self-consistent field
calculations with Monkhorst−Pack k-point grids
(3 × 3 × 3 and 7 × 7 × 7).

Cutoff energy: 500 eV.

Ir doping at the Ti site in BaTiO3 induces a transition from
n-type to p-type conductivity.
Density of state calculations reveal a substantial downward
shift in the Fermi level (from 4.36 eV to 3.18 eV), confirming
p-type behavior.
Ir doping at the Ba site does not induce a similar
Fermi-level shift.
Density of states analysis indicates partially and fully occupied
Ir 5d orbitals below and above the Fermi level.
Charge neutrality is maintained by Ir3+ to Ir4+ transitions,
contributing to hole formation and p-type behavior.
Findings align with previous studies on Rh-doped SrTiO3.
Ir-doped BaTiO3 exhibits visible-light absorption, making it a
promising material for optoelectronic and
photocatalytic applications.
Further investigations of solar hydrogen evolution activity are
in progress.
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Table 1. Cont.

Designed Systems Methods Main Findings

Rh-doped BaTiO3
(Case A: Rh at Ba and

Ti sites) [164]

First-principles DFT calculations using
Quantum Espresso.

LDA pseudopotential.

Norm-conserving pseudopotential with valence
electrons: 6s2 (Ba), 3d24s2 (Ti), 2s22p4 (O).

Plane wave cutoff: 120 Ry, charge density cutoff: 480 Ry.

K-point mesh: 4 × 4 × 4, 8 × 8 × 8.

Electronic structure along G-X-M-G-R-X path.

BaTiO3 has a cubic perovskite structure.
Direct bandgap of 1.929 eV at G point due to folding of R point
onto G point in 2 × 2 × 2 supercell.
Additional indirect bandgap transitions (R → G and M → G).
Underestimation of bandgap in DFT due to
derivative discontinuities.
Valence band formed by O p-orbitals, conduction band formed
by Ti d-orbitals.
Ba atoms have an ionic nature and do not contribute
significantly to partial density of states.
Rh-doped BaTiO3 (Case A: Rh at Ba and Ti sites).
Acceptor level formed due to hybridization of Rh (Ba site)
d-orbitals and O p-orbitals.
Deep defect states observed in wavefunction analysis.
Direct bandgap: 2.028 eV at G point.
Indirect bandgap: 1.796 eV (X → G) due to defect band
overlapping with valence band edge.
Hybridization of O p-orbitals and Rh d-orbitals at defect
band region.
Rh-doped BaTiO3 (Case C: Rh at Ba sites only).
Valence band mainly from O p-orbitals, with hybridization
with Rh d-orbitals.
Minor Rh d-orbital contributions in conduction band.
Single occupancy ensures continuous band structure,
facilitating charge carrier migration.

BaTiO3 surfaces with
different polarization
states for hydrogen

evolution
reaction [165]

First-principles calculations using VASP 5.4.4 with
GGA-PBE functional and DFT-D3
dispersion correction.

The tetragonal phase of BaTiO3 was used, as it is stable at room
temperature where hydrogen evolution reaction occurs.
GGA was chosen due to limitations of LDA for
hydrogen-bonded ferroelectrics.
Lattice constants were fixed to experimental values.
Surface structure relaxation leads to rumpling, affecting
adsorption behavior.
For out-of-plane polarized BaTiO3, the most stable hydrogen
adsorption site is the surface oxygen site. The surface titanium
site is inactive for hydrogen evolution reaction.
In-plane polarization states can be modulated via thin-film
growth techniques and electrochemical poling.

La-N/B co-doped
BaTiO3 [166]

DFT computations using Material Studio.

PBE exchange-correlation functional with GGA + U
(U = 4.3 eV for Ti-3d, 8.1 eV for La-4f).

Energy cutoff: 500 eV.

K-point grid: 3 × 3 × 3.

Ultra-soft pseudopotentials.

Energy convergence: 1.0 × 10−5 eV/atom.

La and N mono-doping effects:
La substitution at the Ba site reduced the bandgap to 1.55 eV.
La substitution at the Ti site caused a slight bandgap increase
(+0.10 eV).
Co-doping impact (La-N@B, 25%):
Band edge positions were more favorable for photocatalytic
water decomposition.
Modulated electronic structure and optimized bandgap for
improved absorption properties.
Partial density of state and total density of state analysis
revealed Ti-3d and O-2p as dominant contributors to the CB
minimum and VB maximum.
The cubic BaTiO3 phase (Pm3m) was used as a structural model
despite its high-temperature stability for
computational feasibility.

Pt-doped
BaTiO3 [167]

First-principles calculations using the supercell
method, DFT with GGA-PW91, PAW approach.

Energy cutoff: 300 eV, Monkhorst–Pack k-mesh
(4 × 4 × 4), Scissor operator (0.75 eV) applied

Optimized BaTiO3 unit cell and constructed 2 × 2 × 2 supercell
(40 atoms).
Pt doping at Ba and Ti sites (0.125 ratio) slightly reduces
stability but remains thermodynamically favorable.
Strong hybridization between Pt–5d and O–2p states.
Mulliken charge analysis shows increased charge redistribution
around O atoms.
Pt doping introduces ferromagnetism in BaTiO3.
Charge density analysis confirms the ionic-covalent
bonding nature.
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Table 1. Cont.
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BaTiO3/Cu2O
heterojunction [168]

Quantum Espresso package
DFT, GGA using PBE functional.

Ultrasoft pseudopotentials.

Plane-wave basis set (30 Ry energy cutoff, 180 Ry
charge density cutoff).

Monkhorst–Pack mesh for Brillouin zone sampling.

Structural optimization via Hellman–Feynman forces.

Band alignment and offsets were calculated using supercell
periodic slab models.
BaTiO3/Cu2O interface shows a staggered (Type-II) band
alignment, which favors charge separation and enhances
photoelectrochemical activity.
Band offset values were obtained by considering VB and
CB discontinuities.
Effective mass of electrons and holes was calculated, revealing
that Cu2O has a lower electron effective mass, indicating higher
carrier mobility.
The interface has a built-in dipole due to electronic charge
transfer, influencing potential shifts across the heterojunction.

Tetragonal BaTiO3
with (001) TiO2- and

BaO-terminated
surfaces [58,136,169]

DFT calculations using HSE06 functional.

Geometry optimization and substitution
energy calculations.

Density of states and optical absorption analysis.

Modeled BaTiO3 (001) surfaces with TiO2- and
BaO-terminated slabs.
Rh doping of Ba/Ti sites prevents dipole moments due to
symmetry preservation.
BaO-terminated surfaces found to be unstable under
operating conditions.
Substitution of Ti4+ with Rh4+ slightly distorts the lattice, while
Ba2+ → Rh3+ + OH− substitution leads to significant
structural changes.
Doping the TiO2-terminated surface with Rh4+ introduces
Rh-4d states in the bandgap, reducing its value.
Optical absorption threshold shifts due to Rh4+ doping, with
density of state analysis confirming bandgap modifications.

BaTiO3 (001) surfaces,
including perfect and

oxygen-deficient
(TiO2-terminated)

surfaces [170]

DFT with DFT + U using the VASP.

PBE + U(Ti,O) approach improves the accuracy of bandgap
calculations and bond energy predictions compared to
standard PBE and PBE + U(Ti).
Oxygen vacancies introduce in-gap states with Ti 3d character,
positioned ~1.0 eV above the VB maximum and ~0.8 eV below
the CB minimum.
The stability of BaO- and TiO2-terminated surfaces depends on
temperature: BaO is more stable at 0 K, but TiO2 dominates at
high temperatures (>1000 K).
Formation of O vacancy is energetically more favorable on
TiO2-terminated surfaces than on BaO-terminated surfaces.

Yang et al. investigated the electronic properties and photocatalytic performance
of TiO2, TiO2/BaTiO3, and TiO2/BaTiO3/cadmium sulfide (CdS) composites [139]. DFT
calculations revealed that pure TiO2 has a bandgap of 3.22 eV, with CB and VB primarily
composed of O(p) and Ti(d) orbitals, respectively. After the incorporation of BaTiO3, the
calculated bandgap decreased to 1.53 eV, while the CB and VB compositions remained
largely unchanged. Further modification with CdS induced slight crystal distortion in
BaTiO3, leading to spontaneous polarization and a further reduced DFT-calculated bandgap
of 1.19 eV. However, the authors noted that this significant reduction is inconsistent with
experimental observations and attributed the discrepancy to the well-known limitations
of standard DFT methods. The internal electric field generated within the BaTiO3 shell
enhanced charge separation, contributing to improved photocatalytic hydrogen evolution.
Among the tested systems, the TiO2/BaTiO3/CdS nanocomposite achieved the highest
hydrogen evolution rate (13.22 mmol/g·h) and an extended charge carrier lifetime (0.42 ns),
outperforming both individual materials and binary composites. This study underscores
the promising role of ferroelectric photocatalysts in promoting efficient charge separation
and enhancing overall photocatalytic activity.

A study by Cai et al. highlights the synergistic effect of oxygen vacancies and
piezoelectric properties in enhancing the photocatalytic carbon dioxide (CO2) reduction
performance [140] of BaTiO3. By introducing oxygen vacancies, the visible light absorption
range was extended, and the density of active surface sites increased, significantly improv-
ing charge separation. The piezoelectric effect further facilitated electron–hole separation,
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enhancing the photocatalytic efficiency. Among the synthesized BaTiO3-X samples, BaTiO3-
1.5 exhibited the highest carbon monoxide (CO) production, achieving 6.41 µmol·g−1 under
light alone and 9.17 µmol·g−1 under light and ultrasound, outperforming pristine BaTiO3

by factors of 3.22 and 1.86, respectively. DFT calculations revealed that oxygen vacancies
reduced the bandgap from 3.058 eV to 2.717 eV, improving charge transfer. These findings
suggest that defect engineering, combined with piezoelectric effects, offers a promising
strategy for optimizing BaTiO3-based photocatalysts for CO2 conversion, with potential
applications in sustainable energy solutions.

Wang et al. used first-principles DFT calculations to investigate how non-metal
dopants (X = C, Si, N, P, S, Se, F, Cl, Br, I) [141] affect the geometric and electronic struc-
tures (Figure 4), stability, and photocatalytic properties of BaTiO3. They examined two
doping scenarios: substitution at the oxygen site (X@O) and the titanium site (X@Ti).
Their findings align with experimental data, particularly regarding bandgap narrowing
in N-doped BaTiO3. The preferred doping site depends on the dopant’s ionic size and
electronegativity. C@O and I@O doping extended absorption into the visible spectrum,
enhancing photocatalytic efficiency, while S and Se doping at either site improved photo-
oxidation and photo-reduction. F- and N-doped BaTiO3 (X@O) and Si-doped BaTiO3 (X@Ti)
were thermodynamically favorable. The study supports previous theories, highlighting
non-metal doping’s role in modifying BaTiO3 for visible-light photocatalysis, with further
experimental validation needed.

Figure 4. Optimized local structures of BaTiO3 configurations doped with (a) C, (b) Si, (c) N, (d) P,
(e) S, (f) Se, (g) F, (h) Cl, (i) Br, and (j) I, where X substitutes O (X@O). Reprinted with permission
from [141]. Copyright 2019, Elsevier. Color key: Red, oxygen; green, titanium; grey, barium; dark
grey, carbon; dark yellow, silicon; blue, nitrogen; violet, phosphorus; yellow, sulfur; orange, selenium;
light grey, fluorine; light green, chlorine; dark red, bromine; brown, iodine.

Wang et al. demonstrated that non-metallic dopants, particularly nitrogen, are highly
effective in narrowing the wide bandgap of BaTiO3. Nitrogen doping introduces localized
N 2p states that hybridize with O 2p orbitals, resulting in an upward shift of the valence
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band and a reduced bandgap [141]. This modification enhances visible-light absorption
without compromising the perovskite structure.

Rizwan et al. conducted a first-principles investigation of BaTiO3 and La-doped
BaTiO3 using DFT with the GGA-PBE functional [142]. Their study examined structural,
electronic, and optical properties before and after doping. The optimized lattice parameter
for pure BaTiO3 was 4.034 Å, closely matching experimental values, while La doping
reduced it to 3.971 Å. The La-5d states played a crucial role in modifying the conduction
band. Optical properties, including refractive index (2.598 for pure, 2.482 for doped) and
absorption, were significantly affected by doping. The results demonstrated strong agree-
ment with previous theoretical and experimental findings, validating the computational
approach used in their study.

Xu et al. investigated the impact of the Ba/Ti ratio on the tetragonality of BaTiO3

powder, challenging the conventional view that attributes tetragonality solely to grain
size [143]. Their study demonstrated that, as the Ba/Ti ratio increased from 0.990 to 1.010,
the particle size remained stable at approximately 200 nm. Tetragonality initially rose
from 1.006 to a peak of 1.0092 at Ba/Ti = 1.000 before declining to 1.005. Using DFT, they
analyzed electron density and lattice distortion, revealing that both Ba and Ti vacancies
influence lattice deformation, with Ti vacancies causing more significant lattice expansion
and reduced tetragonality (Figure 5). Their findings were supported by calculated charge
density distributions, which showed that Ti vacancies increased charge uniformity. Using
this optimized BaTiO3 powder, they fabricated high-density ceramics and multilayer
ceramic capacitors, highlighting the potential of Ba/Ti ratio control in developing advanced
dielectric materials.

Xie et al. investigated the enhancement of photocatalytic hydrogen production through
Mo doping of BaTiO3 [144]. To improve light absorption, they synthesized Mo-doped
BaTiO3 via a solid-state reaction and modified the samples with 0.4 wt% Pt using a pho-
toreduction method. Their findings revealed that Mo doping significantly narrows the
bandgap, shifting the absorption edge into the visible-light region. Compared to pure
BaTiO3, which has a hydrogen evolution rate of 35 mmol g−1 h−1, Mo-doped BaTiO3 (2 at%)
achieved 63 mmol g−1 h−1, nearly twice the efficiency. DFT calculations demonstrated
that hybridization between the Ti 3d and Mo 3d orbitals led to a downward shift in the
conduction band minimum, explaining the improved photocatalytic performance. Their
study highlights how bandgap engineering via dopant selection enhances light absorption
and provides valuable insights for designing high-performance metal-oxide photocatalysts
for solar-driven hydrogen production.

Usman et al. conducted a theoretical investigation into the structural, electronic,
and optical properties of pure and Cs-doped BaTiO3 [145]. Their study employed the
plane-wave pseudopotential method with the PBE exchange-correlation functional and
the DFT + U approach to enhance electronic property accuracy. The calculated lattice
parameter for pure BaTiO3 was 4.034 Å, with an indirect bandgap of 2.513 eV, aligning well
with prior research. Upon Cs doping (0.13%, 0.26%, and 0.39%), the bandgap transitioned
to a direct type. Notably, 0.13% Cs-doped BaTiO3 exhibited the highest absorption edge
in the visible spectrum and the lowest energy loss, making it a promising candidate for
photocatalytic water splitting. The introduction of Cs-3p states into the valence band
enhanced photocatalytic activity, particularly in the visible range, improving BaTiO3’s
potential for energy applications.

Chun et al. investigated the surface termination of single-crystal BaTiO3 (111) using a
combination of DFT and X-ray photoelectron spectroscopy [146]. Their study focused on
the stability of stoichiometric (BaO3 and Ti) and non-stoichiometric (BaO2, O, BaO, O2, Ba,
and O3) terminations. DFT + U calculations revealed that BaO2 and O terminations exhibit
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the lowest cleavage and surface energies, making them the most stable under different
conditions. The presence of Ti3+ states and oxygen defects was confirmed through X-ray
photoelectron spectroscopy analysis of the O 1s and Ti 2p regions. Further DFT calculations
of O 1s chemical shifts indicated that OH* species preferentially adsorb on O-terminated
surfaces, closely matching the experimental X-ray photoelectron spectroscopy data. Their
findings suggest that BaTiO3 (111) favors an OH*-covered O termination, with surface
defects playing a crucial role in stabilizing the polar surface.

Figure 5. BaTiO3 lattice structure representations: (a) Ba vacancy, (b) Ti vacancy, and (c) ideal
tetragonal BaTiO3. (d) Ba and (e) Ti vacancies. (f) Front view of the tetragonal BaTiO3 model;
front view of lattice structure simulation results. Charge density difference for (g) Ba vacancy and
(h) Ti vacancy. (i) Ideal tetragonal BaTiO3 model viewed along the [001] zone axis. Charge density
difference contour maps for (j) Ba vacancy and (k) Ti vacancy. (l) Ideal tetragonal BaTiO3 model. The
intercepts are shown at 0 d, 0.25 d, and 0.5 d. Ba is represented in light blue, Ti in light orange, and O
in light green. Reprinted with permission from [143]. Copyright 2024, Elsevier [143].

Dahbi et al. investigated the thermodynamic stability, electronic structures, and optical
properties of pure and compressed BaTiO3 doped with varying concentrations of oxygen
group elements (S, Se, and Te) using DFT [147]. Their findings revealed that substituting
oxygen atoms with chalcogen elements significantly reduced the forbidden bandgap from
3.010 eV (for compressed BaTiO3) to 0.000 eV (for Te-doped BaTiO3), highlighting the crucial
role of chalcogen impurities in modifying the electronic properties of BaTiO3. Additionally,
applying a 2.3% compressive strain, with or without chalcogen doping, transformed BaTiO3
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from an indirect into a direct semiconductor. The calculated formation energy confirmed
the thermodynamic stability of all studied compounds. Furthermore, doping altered the
absorption behavior of BaTiO3, making it more suitable for optoelectronic applications
due to the introduction of additional charge carriers into the system. These findings
provide valuable insights into the potential applications of doped BaTiO3 in electronic and
optical devices.

Dahbi et al. investigated the impact of compressive strain on the electronic, optical,
and thermoelectric properties of cubic and tetragonal phases of BaTiO3 perovskite-type
crystals using DFT [148]. Their study revealed that applying a compressive strain of 2.3%
or higher transforms BaTiO3 into a semiconductor with a direct bandgap, eliminating
additional interactions in the conduction band, an important characteristic for photovoltaic
applications. Additionally, the bandgap width increased with strain, highlighting the piezo-
electric nature of BaTiO3. Optical analysis indicated that both pure and strained BaTiO3

exhibit strong optical properties across the visible and ultraviolet spectra. Furthermore,
compressive strain enhanced hole mobility, leading to improved thermal and electrical
conductivity. A shift in absorption coefficient and optical conductivity peaks to higher
ultraviolet energies further supported the piezoelectric behavior of BaTiO3. These findings
underscore the potential of strained BaTiO3 in electronic and energy-related applications.

Fo et al. conducted a DFT study to examine the effects of metal–non-metal co-doping
on the stability, electronic properties, and photocatalytic activity of tetragonal BaTiO3 (001)
surfaces [149]. Their findings indicate that co-doped systems (M = V, Nb, Ta, Mo, W; X = N,
C) are energetically stable, favoring formation in O-rich conditions. Most co-doped surfaces
exhibit significantly reduced bandgaps, enhancing visible-light absorption. Additionally,
co-doping improves water affinity and modifies active sites for the hydrogen evolution
reaction and oxygen evolution reaction, with the O site and Ti site (adjacent to the metal
dopant) acting as active centers (Figure 6). Notably, passivated co-doping lowers the hy-
drogen evolution reaction free energy barrier and reduces the oxygen evolution reaction
overpotential compared to pristine BaTiO3. Among the studied systems, Ta + N, W + N,
Mo + N, Mo + C, Mo + 2N, and W + 2N co-doped BaTiO3 are highlighted as promising
photocatalysts for overall water splitting. Co-doping strategies, such as the incorporation
of both Ta and N, have shown superior performance compared to single-element dop-
ing. Metal dopants like Ta contribute additional donor states near the conduction band,
while N modifies the valence band. This dual modification enables more precise control
over the band structure, further narrowing the bandgap and improving charge carrier
mobility. Importantly, co-doping helps to mitigate the formation of deep-level defects
that can act as recombination centers, thus enhancing both the efficiency and stability of
BaTiO3-based photocatalysts.

Chakraborty et al. investigated the structural, electronic, and optical properties of
BaTiO3 using DFT, highlighting its potential for photocatalytic applications, including
water splitting and pollutant degradation [40]. Their study employed the hybrid HSE06
functional, yielding bandgap values of 3.254, 3.894, 3.694, 3.519, and 3.388 eV for cubic,
rhombohedral, orthorhombic, tetragonal, and hexagonal BaTiO3 polymorphs, respectively.
Notably, this was the first DFT-based study to closely match experimental bandgap values.
Electronic band structure analysis revealed that all polymorphs exhibit semiconducting
behavior, with indirect bandgaps except for the hexagonal phase, which has a direct
bandgap. The density of states analysis indicated significant hybridization between the
O 2p and Ti 3d states. Optical studies confirmed strong absorption, low reflectivity, and
optical anisotropy in the orthorhombic and tetragonal phases, making BaTiO3 suitable
for ultraviolet-based optical devices, waveguides, and dielectric applications [150]. The
findings suggest that BaTiO3’s strong redox potential enhances its photocatalytic efficiency.
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Figure 6. Free energy diagrams for the oxygen evolution reaction at the Ti site on BaTiO3 (001)
surfaces at pH = 0 and T = 298 K under different applied potentials: (a) pure, (b) (V + N)-co-doped,
(c) (Nb + N)-co-doped, and (d) (Ta + N)-co-doped systems. Reprinted with permission from [149].
Copyright 2022, Elsevier [149]. Color key: Red, oxygen; green, titanium; grey, barium; dark grey,
carbon; dark yellow, silicon; blue, nitrogen; violet, phosphorus; yellow, sulfur; orange, selenium; light
grey, fluorine; light green, chlorine; dark red, bromine; brown, iodine.

Bhat et al. successfully synthesized a porous graphene–BaTiO3 nanocomposite using
a simple one-pot solvothermal method and investigated its photocatalytic efficiency in
degrading methylene blue dye under visible light [151]. The combined experimental and
theoretical analysis demonstrated enhanced photocatalytic performance, attributed to
the formation of Ba–C bonds, which facilitated charge carrier transport and suppressed
recombination. Additionally, the reduced bandgap due to hybridized states extended
light absorption into the visible range, while the high surface area provided more active
sites for methylene blue adsorption. The porous graphene–BaTiO3 composite exhibited a
threefold increase in photodegradation efficiency compared to pure BaTiO3, achieving 98.6%
degradation within 80 min. Furthermore, it showed excellent cyclic stability, highlighting
its potential as a durable photocatalyst for environmental remediation. This study serves
as a valuable reference for designing porous graphene–BaTiO3 nanocomposites, leveraging
solar energy for sustainable pollutant degradation.

Bashir et al. conducted a theoretical investigation of Ga-modified BaTiO3 perovskite
ceramics (Ba1−xGaxTiO3, x = 50%) using DFT calculations [152]. Their study explored
the optoelectronic, elastic, and mechanical properties of both pure and Ga-doped BaTiO3.
The results revealed that Ga substitution altered the electronic structure. Optical analysis
indicated enhanced absorption in the ultraviolet region, lower reflectivity, and a static
refractive index of 12.2. The modified BaTiO3 exhibited higher ductility, anisotropy, and
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bulk modulus (169.96 GPa) compared to the pure form. Additionally, prominent peaks in
optical conductivity at 4.2 and 5.8 eV suggested potential applications in optoelectronics
and spintronics. These findings highlight Ga-doped BaTiO3 as a promising material for
infrared detectors and antireflective coatings.

Wang et al. developed a flower-like core–shell heterostructured oxygen evolution
reaction electrocatalyst by integrating tetragonal BaTiO3 nanoparticles with NiFe-layered
double hydroxide nanoarrays [153]. The study explored how the self-polarization effect of
tetragonal BaTiO3 influenced the oxygen evolution reaction performance of NiFe-layered
double hydroxide nanoarray. In alkaline media (1.0 M KOH), the tetragonal BaTiO3/NiFe-
layered double hydroxide nanoarray heterojunction exhibited a remarkably low over-
potential of 186 mV at 10 mA/cm2 and a Tafel slope of 38.3 mV dec−1, outperforming
its individual components. DFT calculations demonstrated that electronic modulation
between tetragonal BaTiO3 and the NiFe-layered double hydroxide nanoarray reduced
the bandgap, enhanced conductivity, and optimized the adsorption of oxygen-containing
intermediates. The synergistic effects of these heterostructures resulted in superior elec-
trocatalytic activity, offering insights into the rational design of efficient, noble metal-free
oxygen evolution reaction electrocatalysts.

Chen et al. developed an amorphous PtOx-supported BaTiO3 catalyst with oxygen
vacancies (Figure 7) designed for efficiently producing hydrogen from wastewater while
simultaneously degrading organic pollutants [154]. The catalyst features Pt-O-Ti3+ charge
separation sites, enhancing photocatalytic efficiency. PtOx-supported BaTiO3 achieved a
remarkable hydrogen generation rate of 1891 µmol·g−1·h−1 and exhibited a degradation
rate constant of 0.0485 min−1 for pefloxacin, significantly outperforming pristine BaTiO3.
The introduction of PtOx facilitated oxygen vacancy formation, improving charge transfer
and catalytic activity. This work highlights an effective strategy for developing bifunctional
photocatalysts by engineering multiple active sites on a single catalyst for simultaneous
redox reactions.

Figure 7. Interface reaction mechanism. (a) Density of state configuration for PtOx-supported BaTiO3,
(b) top and side views of charge distribution in PtOx-supported BaTiO3, (c) Nyquist plots of BaTiO3

and PtOx-supported BaTiO3 under dark and light conditions, and (d) reaction mechanism diagram
of PtOx-supported BaTiO3. Reprinted with permission from [154]. Copyright 2024, Elsevier [154].
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Guo et al. explored the synergistic effect between piezoelectricity and photocatalysis
to enhance hydrogen production via water splitting [155]. By combining experimental
and theoretical analyses, they demonstrated that the inherent piezoelectric field in BaTiO3

can reduce the bandgap of strontium titanate (SrTiO3)/BaTiO3 heterojunction nanofibers,
facilitating electron transfer through the Z-scheme mechanism. The incorporation of
piezoelectric BaTiO3 significantly boosted the hydrogen evolution rate of SrTiO3/BaTiO3

nanofibers to 1950.2 µmol·g−1·h−1, surpassing pure SrTiO3 and BaTiO3 by factors of
2.4 and 4.1, respectively. This rate also exceeded previously reported perovskite-based
piezo-photocatalysts. Fabricated via electrospinning followed by thermal treatment, these
nanofibers exhibited enhanced charge separation due to the piezoelectric field generated
under ultrasonic vibrations. Their findings highlight the crucial role of piezoelectric-assisted
photocatalysis in improving energy band alignment and efficiency, paving the way for
advanced photocatalysts that address energy and environmental challenges in sustainable
hydrogen production.

Zulfiqar et al. investigated the potential of chalcogen doping (X = S, Se, Te) of BaTiO3

for visible light-driven photocatalysis in hydrogen production [156]. Using first-principles
DFT calculations with a GGA functional, they assessed the structural, thermodynamic,
electronic, and optical properties of X-doped BaTiO3. Their results indicated that incorpo-
rating a chalcogen atom at an oxygen site in BaTiO3 is thermodynamically challenging due
to significant differences in atomic radii and electronegativities. To enhance the synthesis
feasibility, they proposed Zr co-doping at Ti-sites, which improved thermodynamic stability
while maintaining bandgap reduction. Electronic structure calculations showed that Zr + X
co-doping converted BaTiO3 into a direct bandgap material with band edge positions
favorable for overall water splitting. This study highlights the potential of Zr + X co-doped
BaTiO3 as an efficient photocatalyst for hydrogen evolution under both oxygen-rich and
oxygen-poor conditions.

Kovač et al. investigated the role of transport layers in perovskite solar cells, focusing
on their charge carrier extraction and transfer mechanisms [157]. Using ab initio calcu-
lations, they examined the interface properties of metal oxide/BaTiO3 heterostructures,
identifying key competing factors influencing charge dynamics. Their findings highlight
the impact of bandgap character on charge carrier mobility, where a direct bandgap reduces
electron–hole lifetime and diffusion length. Additionally, they explored the influence of
electrostatic potential variations, which enhance charge transfer rates but are counteracted
by unfavorable conduction band offsets. The study emphasizes the importance of interlayer
morphology over intrinsic material properties, suggesting that optimizing atomic plane
distances and atomic number distributions can improve charge transport efficiency.

Kaptagay et al. investigated the oxygen evolution reaction on a Rh-doped BaTiO3 (001)
surface using DFT calculations [158]. Their study assessed the Gibbs free energy changes
for each reaction step and calculated the overpotential while considering solvation effects.
The findings revealed that Rh doping significantly reduces the overpotential compared to
the undoped BaTiO3 surface, which exhibits low oxygen evolution reaction efficiency. This
improvement is attributed to the oxidation state transition of Rh from 3+ to 4+ during water
splitting, which enhances the charge transfer from surface oxygen ions. As a result, the
binding energy between surface ions and adsorbates increases, weakening the adsorbate–
adsorbate interactions and leading to a lower overpotential. The reduced overpotential on
the Rh-modified TiO2 surface confirms its enhanced catalytic activity in electrochemical
water oxidation, aligning well with experimental results and previous studies. These
insights highlight Rh doping as a promising strategy for improving oxygen evolution
reaction efficiency.
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Opoku et al. investigated the electronic structure, charge transfer, and photocatalytic
properties of cubic lanthanium aluminate (LaAlO3) (001) modified with cubic BaTiO3 (001),
(011), and (111) surfaces [159]. Their study aimed to understand how LaAlO3 can be
activated under light irradiation through the incorporation of different BaTiO3 surfaces.
The heterostructures demonstrated reduced bandgap energy, enhancing visible light ab-
sorption. Additionally, BaTiO3/LaAlO3(001) heterostructures exhibited a staggered type-II
band alignment, which facilitated charge carrier separation and minimized recombina-
tion. The BaTiO3(001) surface, in particular, enhanced photocatalytic activity due to its
complex surface structure and active barium adsorption sites. BaTiO3 acted as a sensi-
tizer, improving overall photoactivity. Their findings provide valuable insights into the
preferential exposure of photocatalytic active surfaces, aiding in the design of advanced
heterostructures for photocatalytic applications and offering a deeper understanding of
photocatalytic mechanisms.

Abbasi et al. investigated the impact of ferroelectric polarization on the electronic struc-
ture and electrocatalytic activity of BaTiO3 thin films, particularly in the hydrogen evolution
reaction [160]. Unlike previous studies focused on nanoparticle systems with complex
interfaces, they used molecular beam epitaxy to grow epitaxial BaTiO3 films with atomically
sharp interfaces. Their surface spectroscopy and ab initio DFT + U calculations revealed
that upward polarization decreases the work function and lowers the hydrogen evolution
reaction barrier, correlating with enhanced experimental activity. The study demonstrated
that modulating polarization can dynamically switch between distinct electrocatalytic
surfaces, altering charge transfer resistance and exchange current density. The findings
highlight how ferroelectric layers can be used to control intermediate binding energies in
electrochemical reactions, offering new avenues for nanoscale catalyst design by leveraging
polarization-dependent surface properties beyond conventional catalytic descriptors.

Gunawan et al. investigated the role of ferroelectric polarization in enhancing pho-
toelectrochemical performance, addressing challenges related to charge recombination
and sluggish charge transfer kinetics [161]. They designed a heterostructure composed of
multiferroic bismuth ferrite (BiFeO3) and photoactive bismuth vanadate (BiVO4) in a neu-
tral pH electrolyte, demonstrating significant photocurrent improvements. Notably, both
polarization states contributed to enhancement: the down-poled BiFeO3/BiVO4 exhibited a
136% increase, while the up-poled configuration showed a 70% improvement at 1.23 V, sur-
passing previous reports. Extensive photoelectrochemical analysis, surface characterization,
and DFT calculations revealed that the improvements were driven by band energy gradient
modulation, band bending, and altered BiFeO3/adsorbate interactions. The sol–gel synthe-
sis method used is scalable and employs environmentally friendly materials, making this
approach promising for next-generation dynamic photoelectrodes. Their findings advance
the field of ferroelectric-based photoelectrochemical systems by enabling tunable charge
dynamics and overcoming limitations of conventional semiconductor photoelectrodes.

Goumri-Said et al. conducted a comprehensive study on the electronic properties and
optical absorption behavior of anion-anion co-doped BaTiO3 to design efficient photocata-
lysts for water redox reactions [162]. Using first-principles hybrid DFT calculations with
the HSE06 functional, they analyzed the impact of double-hole doping on band structure
modifications. Their findings revealed that the formation energy of mono- and co-doped
configurations increased as the oxygen chemical potential decreased, with N–N co-doped
BaTiO3 exhibiting the most favorable formation energy under O-poor conditions. All
co-doping configurations resulted in bandgap reduction, enhancing visible light absorption
and aligning band edge positions with water oxidation-reduction potentials. This study
highlights the effectiveness of anionic co-doping in tuning wide-bandgap semiconductors,
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demonstrating that such modifications can produce highly efficient photocatalysts for
solar-driven water splitting.

Chandrappa et al. explored strategies to modify the electronic and optical properties
of BaTiO3 by introducing Ir doping at Ti sites [163]. While pristine BaTiO3 typically
exhibits strong n-type behavior and ultraviolet absorption (λ ≤ 390 nm), their study
demonstrated a successful transition to p-type semiconducting behavior with extended
visible-light absorption (λ ≤ 600 nm). Through a combination of advanced spectroscopy,
microscopy, and computational electronic structure analysis, they elucidated the underlying
mechanisms governing this transition. The redshift in optical absorption was attributed
to the formation of Ir3+/Ir4+ in-gap energy levels within the bandgap, facilitating optical
transitions. Furthermore, the observed decrease in Ti3+ donor levels and correlated oxygen
vacancies played a crucial role in enabling the p-type behavior. These findings highlight
the potential of Ir-doped BaTiO3 as a promising visible light-absorbing semiconductor with
significant applications in optoelectronics and solar fuel generation.

Bhat et al. investigated the potential of environmentally friendly BaTiO3 as a photocat-
alyst, despite its initially wide bandgap, which limits efficiency [164]. They explored Rh
doping to reduce the bandgap but avoided the formation of mid-gap recombination centers
that typically hinder photocatalytic performance. Using first-principles DFT calculations,
they determined that Rh occupying both Ba and Ti sites would simultaneously intro-
duce detrimental acceptor states. To address this, they employed a hydrothermal synthesis
method to direct Rh towards Ba sites, leading to donor Rh3+ states that lowered the bandgap
while maintaining high photocatalytic activity. Their experimental results confirmed an
efficient 96% degradation of methylene blue dye within 120 min for a 0.5 Rh-doped sample.
This study demonstrated a viable strategy to enhance BaTiO3’s photocatalytic efficiency and
suggested that similar methods could be applied to other perovskite oxides for improved
dye degradation.

Qiu et al. investigated the impact of switchable polarization in ferroelectric catalysts
on the hydrogen evolution reaction, aiming to overcome the Sabatier limit faced by tradi-
tional catalysts [165]. Using BaTiO3 as a model system, they demonstrated that hydrogen
evolution reaction activity is tunable by controlling polarization states. First-principles
calculations revealed that in-plane polarized BaTiO3 enhances hydrogen evolution reaction
performance compared to out-of-plane polarization, due to surface dipole–dipole inter-
actions. Surface rumpling, influenced by polarization states, significantly affects surface
oxygen reactivity, with an optimal 2p band center correlating with improved hydrogen
evolution reaction activity. The study also established a link between hydrogen adsorption
energy and polarization effects. Furthermore, a hydrogen evolution reaction catalytic cycle
leveraging switchable polarization states was proposed, showing potential for enhanced
catalytic efficiency. Their findings highlight the role of ferroelectric polarization control in
designing high-performance electrocatalysts, providing insights into functional ferroelectric
catalysis beyond hydrogen evolution reaction applications.

Wang et al. investigated the impact of co-doping rare earth elements on the electronic
and photocatalytic properties of BaTiO3 using first-principles calculations [166]. They
examined BaTiO3 supercell structures with La concentrations of 12.5% and 25%, focusing
on doping at both Ba and Ti sites. Their analysis of band structure, density of states,
and charge density difference revealed that co-doping 25% La at the Ti site significantly
enhanced visible-light absorption and water-splitting performance. The introduction of La
created intermediate energy levels within the bandgap, reducing the energy required for
electronic transitions. Further, La-N co-doping at the Ti site effectively modified the band
structure, improving photocatalytic efficiency. Optical property calculations confirmed
an extended absorption edge, enhancing BaTiO3’s visible light response. Their findings
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highlight La co-doping as a promising strategy for optimizing BaTiO3’s electronic structure
and photocatalytic activity, making it a viable material for energy-related applications.

Saadon et al. investigated the structural, electronic, and optical properties of Pt-
doped cubic BaTiO3 perovskite using DFT calculations. By employing DFT calculation
with the GGA, they examined the effects of substituting 0.125 Pt at Ba and Ti sites. Their
findings showed that Pt doping reduced the bandgap and introduced Pt-5d states in the
conduction band, significantly influencing electronic properties. Additionally, the optical
absorption spectrum exhibited a red shift, extending into the visible range, making Pt-
BaTiO3 a promising material for optoelectronic applications. The negative formation energy
confirmed the thermodynamic stability of the doped system. Mulliken charge analysis
further revealed a shift from ionic to covalent bonding in Ba–Pt and Ti–Pt interactions.
Future studies may explore the material’s potential in photocatalysis and environmental
applications [167].

Sharma et al. synthesized nanostructured BaTiO3/copper (I) oxide (Cu2O) heterojunc-
tion electrodes with varying Cu2O film thickness using spray deposition onto spin-coated
BaTiO3 thin films [168]. For the first time, first-principles DFT calculations were performed
to determine band offsets and effective masses of charge carriers for bulk BaTiO3 and
Cu2O. The study revealed enhanced separation of photogenerated charge carriers at the
BaTiO3/Cu2O interface. Experimental photoelectrochemical analysis confirmed these find-
ings, showing a maximum photocurrent density of 1.44 mA/cm2 at 0.95 V for a 442 nm
thick heterojunction electrode. This structure exhibited superior charge transfer, reduced re-
sistance, and improved light absorption compared to individual BaTiO3 or Cu2O electrodes.
The study demonstrated that BaTiO3/Cu2O heterojunctions improve water-splitting effi-
ciency in photoelectrochemical cells, achieving a peak conversion efficiency of 0.66%. The
theoretical results aligned well with the experimental data, providing insights into charge
separation mechanisms.

Inerbaev et al. explored the potential of modified BaTiO3, a cost-effective perovskite oxide,
as an efficient water oxidation electrocatalyst using first-principles calculations [58,136,169].
Their study demonstrated that Rh doping enhances BaTiO3’s light absorption capabilities
while reducing the overpotential required for water oxidation. The TiO2-terminated BaTiO3

(001) surface was identified as particularly promising for catalytic applications (Figure 8).
Rh doping expanded the material’s absorption spectrum to cover the entire visible range,
with the aqueous environment playing a crucial role in modulating its solar radiation ab-
sorption. Upon Ti→Rh substitution, rhodium ions partially acquired electron density from
surrounding oxygen atoms, stabilizing an intermediate oxidation state (3+ to 4+) during
water oxidation. This interaction influenced the adsorption energies of reaction intermedi-
ates, effectively lowering the overpotential. The study concluded that Rh-modified BaTiO3

surfaces exhibit significant potential as photoanodes in photoelectrochemical systems for
water oxidation.

Inerbaev et al. also investigated the optical properties of tetragonal BaTiO3 us-
ing DFT calculations, incorporating both static lattice calculations and ab initio MD
simulations [135,169]. Their study, which applied GGA + U and hybrid functionals, re-
vealed that atomic motion significantly lowers the optical absorption threshold. This
reduction occurs due to thermal fluctuations enabling previously forbidden electronic
transitions and shifting the energy levels of optical absorption, providing insights into the
photoluminescence behavior of BaTiO3 [169].

Tyminska et al. investigated the impact of oxygen vacancy on the oxygen evolution
reaction at the TiO2-terminated (001) surface of cubic BaTiO3 using spin-polarized DFT + U
calculations and the standard four-step proton-coupled electron transfer mechanism [170].
Their study revealed that excess electrons from oxygen vacancy contribute to charge transfer
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with intermediate adsorbates (HO*, O*, and HOO*) or generate surface oxygen hole states.
This charge transfer enhances the binding energies of these species in proportion to their
electronegativity. Notably, HO* and O* are stabilized more strongly than HOO*, leading to
increased oxygen evolution reaction overpotential on the oxygen-deficient surface. This con-
tradicts experimental findings that indicate enhanced efficiency of oxygen-deficient BaTiO3,
suggesting that a different mechanism or surface structure may be responsible under exper-
imental conditions. Additionally, they identified novel HO* and O* adsorption structures
that induce surface oxidation, attributed to the low work function of Ti−O−Ti moieties.

Figure 8. (a) Ion arrangement changes in the slab after Ba substitution with Rh, (b) electronic DOS of
the relaxed slab, and (c) optical absorption spectrum of the investigated model. Dashed and dotted
lines indicate optical absorption for spin-up and spin-down states, respectively, while the solid line
represents total absorption. Reprinted from [58].

2.2. Ab Initio MD Simulations

Atomistic simulations play a crucial role in understanding the fundamental mech-
anisms governing photocatalytic activity in BaTiO3-based systems [59]. Among these
methods, ab initio MD simulation is widely employed to capture the electronic structure
and dynamic behavior of catalytic interfaces at finite temperatures. However, ab initio
MD simulations are computationally expensive, limiting their application to short time
scales [170–175]. To overcome this limitation, machine learning potentials (MLPs) trained
on DFT data have been developed, offering an efficient alternative for extended simulations
while retaining DFT-level accuracy [176–185].

This study employs MLP to investigate the oxygen evolution reaction through meta-
dynamics simulations. Figure 9 outlines the MLP training process, which involves con-
structing a dataset that captures the configurational space of oxygen evolution reaction
over BaTiO3 and Ni/BaTiO3 slabs [60]. Additionally, single-point DFT calculations can
be applied to selected structures, improving efficiency through parallelization, unlike the
inherently sequential nature of MD simulation.
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Figure 9. Overview of the MLP training workflow for MD simulations using DFT data. Reprinted
from [60].

The stepwise mechanism of oxygen evolution reaction mechanism, as depicted in
Figure 10, is analyzed using free energy surface calculations.

Figure 10. Illustration of the oxygen evolution reaction mechanism observed in the MLP-
metadynamics trajectory of the BaTiO3 (4 × 4)/128H2O system, with the Ti active site annotated.
Reprinted from [60].

The catalytic process was analyzed using ab initio MD simulations with VASP, as
shown in Figure 11. The newly formed oxygen molecule indicates that oxygen continu-
ously dissolves in water, sustaining OOH generation and continuous H2O2 production.
Figure 11d,e further reveal the presence of OH radicals, formed either by water oxidation
or H2O2 decomposition, emphasizing the role of O2

− radicals in OH radical formation
(Table 2).

Boonpalit et al. investigated the oxygen evolution reaction on pristine and Ni-doped
BaTiO3 surfaces using metadynamics simulations with machine learning interatomic po-
tentials. Their study aimed to develop cost-effective alternatives to expensive Pt and
IrOx/RuOx catalysts for electrocatalytic water splitting [60]. Their results revealed that Ni
doping enhances BaTiO3’s catalytic activity by lowering the free energy barrier for oxo-oxo
bond formation, aligning with experimental findings. However, the study did not account
for the lattice oxygen-mediated mechanism, suggesting future work in this area. The
database and machine learning potential developed in this study lay a foundation for fur-
ther investigations into complex catalytic pathways, extending to broader electrochemical
reactions at electrode–electrolyte interfaces in explicit solvent environments [60].
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Figure 11. Representations of the ab initio MD simulations, depicting (a) a model with water
molecules and a single oxygen molecule before the catalytic reaction and (b) after the reaction. It
also includes (c) a model of a single OOH radical before the reaction, (d) the conversion of two
OOH radicals into a single H2O2 and O2 molecule, and (e) OH radicals derived from H2O2 after the
reaction. Reprinted with permission from [186]. Copyright 2024, American Chemical Society [186].

Table 2. Recently performed ab initio MD simulation details and main findings.

Designed System Methods Main Findings

BaTiO3 surface [60]

Spin-polarized DFT calculations (VASP)
with PAW pseudopotentials.
High plane-wave cutoff (520 eV).
Dataset of 16,162 configurations, trained
with a 95:5 train–validation split, utilizing
a multi-layer perceptron (tanh activation).

MD simulations were conducted at 300 K,
500 K, and 700 K for 50 ps.
Production MD simulations: accelerated
with MLP models and run for 500 ps at
300 K with a timestep of 0.25 fs.

Metadynamics simulations: explored
oxygen evolution reaction mechanisms
using coordination number as collective
variables and studied oxygen desorption
by tracking Ti-O2/Ni-O2 distances.

The energy barrier for oxygen desorption is lower than for
oxygen evolution reaction, leading to the choice of specific
metadynamics parameters (Gaussian height = 0.01 eV,
width = 0.05, deposition rate = 6.25 fs).
Water dissociation on the surface forms OH* intermediates
with a free energy barrier (∆G‡ H2O→OH) of 0.06 eV
for BaTiO3.
Oxygen evolution reaction steps analyzed using coordination
number as collective variables.
Formation of OOH* species occurs when coordination
number (Os-Oaw) ≈ 0.3.
Transition from OOH* to O2* is barrierless with rapid
proton abstraction.
The calculated free energy barrier for the O→O2 transition
(∆G‡ O→O2) is 1.57 eV for BaTiO3 and 1.20 eV for Ni/BaTiO3.
The oxygen desorption step is endothermic, with ∆GO→O2
values of 1.37 eV for BaTiO3 and 0.97 eV for Ni/BaTiO3.
MLP models enable longer simulation times with DFT-level
accuracy, improving efficiency compared to ab initio MD.

Covalent triazine
frameworks

(CTF)/BaTiO3
photoanodes [186]

DFT calculations using VASP 6.3.0.
PBE functional within GGA.
Plane-wave energy cutoff: 500 eV.
K-mesh: 8 × 8 × 8 for bulk and 3 × 2 × 1
for supercell BaTiO3-x.
BaTiO3-x slab modeled with (001) surface
and (3 × 3 × 1) supercell with
30 Å vacuum.
CTF/BaTiO3-x model constructed by
depositing CTF on BaTiO3-x slab.

Introduction of CTF reduces the rate-determining step energy
barrier from 1.03 eV to 0.84 eV, enhancing oxygen evolution
reaction kinetics.
The CTF/BaTiO3−x photoanode achieves a high photocurrent
density of 0.83 mA/cm2 at 1.23 V and a low onset potential of
0.23 V.
CTF acts as a protective layer, improving stability for real
water redox reactions.
Provides a universal strategy for organic/inorganic hybrid
photoanodes with high photoconversion efficiency.

Next, Wang et al. investigated the piezo-photocatalytic process by fabricating
Ba0.7Sr0.3TiO3 nanorod arrays on fluorine-doped tin oxide-coated glass as recoverable
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catalysts. Their study demonstrated that the piezoelectric effect significantly enhances
photocatalytic efficiency. Under ultrasonic vibrations, the degradation rate constant (k)
for rhodamine B using poled Ba0.7Sr0.3TiO3 nanorod reached 0.0447 min−1, which was
twice as high as that of the unpoled Ba0.7Sr0.3TiO3 nanorod (0.00183 min−1). This im-
provement was attributed to the piezoelectric potential generated by poled Ba0.7Sr0.3TiO3

nanorod. Additionally, the Ba0.7Sr0.3TiO3 nanorodarray exhibited a hydrogen production
rate of 411.5 µmol g−1 h−1. Ab initio MD simulations revealed that hydroxyl radicals (•OH)
played a dominant role over superoxide radicals (•O2

−) in the degradation process [186].

2.3. Classical All-Atom MD Simulations

Classical all-atom MD simulations have proven to be an essential tool for understand-
ing the atomic-scale interactions between the BaTiO3 surface and OH− ions in aqueous
environments, particularly under different polarization conditions [186–194]. These sim-
ulations provide valuable insights into adsorption behavior, surface charge effects, and
polarization-induced modifications that influence BaTiO3’s role in solar water splitting
applications. To illustrate this, Figure 12 presents the adsorption of OH− ions on BaTiO3

surfaces at varying H2O:OH− ratios under both unpolarized and positively polarized con-
ditions. Additionally, Table 3 summarizes recent classical all-atom MD studies investigating
these interactions, detailing their methodologies and key findings.

Figure 12. Adsorption of OH− ions onto the BaTiO3 surface at different H2O:OH− ratios, including
(a) unpolarized and (d) positively polarized (0.01 V Å−1) BaTiO3 surfaces at an H2O:OH− ratio of
30:1, (b) unpolarized and (e) positively polarized (0.01 V Å−1) BaTiO3 surfaces at an H2O:OH− ratio
of 10:1, and (c) unpolarized and (f) positively polarized (0.01 V Å−1) BaTiO3 surfaces at an H2O:OH−

ratio of 50:1. Reprinted with permission from [59]. Copyright 2022, Elsevier [59].
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Table 3. Recently performed classical all-atom MD simulation details and main findings.

Designed Systems Methods Main Findings

BaTiO3 surface and its
interaction with OH−

ions in an electrolyte [59]

DFT calculation.
Materials Studio.
Classical all-atom MD
Simulations.
Forcite module in Materials Studio.
COMPASSIII force field.
Electric field of 0.01 eV/Å applied to
study positive polarization effects.

Higher OH− concentration leads to increased
adsorption on the BaTiO surface.
At a 10:1 (H2O:OH−) ratio, adsorption is
significantly higher compared to a 50:1 ratio.
At a 50:1 (H2O:OH−) ratio, polarization
significantly impacts OH− adsorption, but at
higher OH− concentrations, the effect diminishes.
Polarization field enhances photoanode
performance in near-neutral conditions by
improving surface states and hole
collection efficiency.

At lower pH values, the positively polarized sample exhibits the highest Vph, while the
negatively polarized sample shows the lowest photovoltage, indicating that polarization
enhances the generation of non-equilibrium carriers (Figure 12). However, at higher
pH values, the photovoltage of both polarized photoanodes decreases compared to the
unpolarized sample. This suggests that, at high pH, the presence of BaTiO3 influences the
surface behavior differently, impacting the overall performance.

Chen et al. employed molecular dynamics simulations and density functional theory
calculations to investigate the impact of ferroelectric polarization on photoelectrochemical
water oxidation. Their study demonstrated that the polarization field of BaTiO3 can
significantly enhance the photocurrent density of a hybrid metal oxide/BaTiO3 photoanode
by approximately 30% in near-neutral electrolytes. This improvement is attributed to the
polarization-induced enhancement of surface states and donor density within the space
charge layer, which facilitates hole collection and improves reaction kinetics. However,
computational findings revealed that, at high pH values, the adsorption capacity of OH−

ions on polarized and unpolarized BaTiO3 surfaces becomes nearly identical, weakening
the effect of the ferroelectric polarization field [59]. Consequently, the polarized field has
a minimal influence on photoelectrochemical performance in alkaline conditions. Their
work highlights the critical role of electrolyte pH in optimizing ferroelectric materials for
photoelectrochemical applications, offering new insights into their mechanistic behavior.

While classical all-atom MD simulations have predominantly been used to study
BaTiO3 in photoelectrochemical applications, their potential extends to photocatalytic
processes as well [195–200]. By investigating ion adsorption, interfacial charge transfer,
and surface state modifications, classical all-atom MD simulations can provide deeper
mechanistic insights into BaTiO3-based photocatalysts for solar-driven water splitting and
related reactions. In conclusion, it is also important to note that calculations of defect-
induced Raman modes allow a more in-depth consideration and understanding of the role
of surface defects [201–206].

While theoretical and atomistic simulation studies have greatly advanced our under-
standing of BaTiO3 as a promising photocatalyst for solar-driven water splitting, experi-
mental validation remains crucial for translating these insights into practical applications.
Despite significant computational progress, experimental data on the photocatalytic water
decomposition activity of BaTiO3, especially with various modifications, are relatively
limited. This gap underscores the need for more robust experimental investigations to
complement and verify theoretical predictions.
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2.4. Related Experimental Findings

Ferroelectric BaTiO3 possesses spontaneous polarization, which creates a built-in
internal electric field within the material. This internal field serves as a driving force
that actively separates the photogenerated electrons and holes when the material is ex-
posed to light [207]. By pulling the oppositely charged carriers in different directions,
the field significantly suppresses their recombination, which is a key factor in enhancing
photocatalytic efficiency.

The polarization-induced field also results in band bending at the surface or het-
erointerfaces of BaTiO3. This band bending further assists in directing electrons and
holes toward different spatial regions, improving charge transport pathways, especially
crucial in nanoscale structures or thin films, where surface effects dominate [208,209].
Such spatial separation enhances redox reactions at the surface, which are vital for
photocatalytic applications.

However, strong interactions between the photogenerated charges and the polarized
lattice ions can sometimes lead to trapping, which hinders charge mobility and reduces
the benefit of polarization-induced separation. This challenge can be mitigated through
heterostructure engineering [207–209]. By coupling BaTiO3 with other semiconductors
like TiO2 or CdS, the internal electric field can propagate across the interface, extend-
ing the charge separation effect into adjacent phases. This interfacial charge migration
not only mitigates charge trapping, but also boosts overall photocatalytic performance.
These mechanisms are illustrated schematically in Figure 13a, which shows both the
polarization-driven separation process and various modification strategies to enhance
BaTiO3-based photocatalysts.

Although BaTiO3 is recognized as a promising photocatalyst, its practical application
on a large scale remains limited due to its wide bandgap (∼3.2 eV), poor visible-light
activity, and rapid recombination of photogenerated electron–hole pairs caused by strong
Coulombic attraction. To overcome these limitations, various strategies have been devel-
oped to enhance charge separation and extend light absorption into the visible region.
These include controlling particle size and morphology, doping with metal and non-metal
elements, integrating noble metal nanoparticles (plasmonic photocatalysts), constructing
heterojunctions, and others, as illustrated in Figure 13b and further discussed in relevant
review articles [207–213].

Experimental studies have demonstrated the potential of BaTiO3-based materials for
photocatalytic water splitting, particularly when modified through doping, polarization, or
heterojunction design [207–213].

For example, BaTiO3 nanocrystal films deposited on Ta substrates produced a water
oxidation photocurrent of 0.141 mA/cm2 at 1.23 V vs. RHE under 60 mW/cm2 UV illumi-
nation, with ferroelectric polarization and a Pt co-catalyst boosting the hydrogen evolution
rate by approximately 1.5× [214]. Figure 14 presents experimental evidence of hydrogen
production using Pt-loaded BaTiO3 in aqueous methanol under (a) 60 mW/cm2 UV and
(b) 375 nm LED (5.5 mW/cm2) illumination [214]. Iridium-doped BaTiO3 (Ir3+:BTO) shows
an approximately 1.6× increase in photocurrent under visible light and a 100-fold enhance-
ment in hydrogen evolution compared to Ir4+:BTO, due to improved charge dynamics
and Faradaic efficiency [215]. Furthermore, heterostructures such as BaTiO3/NiFe2O4

nanocomposites yield higher photocurrent densities (~0.34 mA/cm2) than pristine BaTiO3,
reflecting synergistic effects [216]. Similarly, SrTiO3/BaTiO3 nanofiber heterojunctions ex-
hibit piezoelectric-assisted photocatalytic hydrogen generation with notable efficiency, even
though exact photocurrent values are not always reported [155]. These findings underscore
that optimization of ferroelectric properties, strategic doping, and construction of het-
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erostructures are effective routes for enhancing BaTiO3’s photocatalytic performance under
both UV and visible light and are further discussed in relevant review articles [207–216].

 

Figure 13. (a) Schematic representation of spontaneous polarization and the photocatalytic pro-
cess in BaTiO3-based materials. (b) Various approaches for synthesizing modified BaTiO3-based
photocatalysts. Reprinted with permission from [207]. Copyright 2022, Elsevier [207].

 

Figure 14. Cont.
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Figure 14. Hydrogen generation was evaluated using BaTiO3 loaded with Pt in aqueous methanol
solution under two conditions: (a) UV light irradiation at an intensity of 60 mW/cm2 and
(b) illumination with a 375 nm LED light source at 5.5 mW/cm2. Reprinted with permission
from [214]. Copyright 2023, ACS [214].

3. Conclusions and Outlook
BaTiO3 has demonstrated significant potential as a photocatalyst for solar water split-

ting due to its favorable electronic and ferroelectric properties. Atomistic simulations,
particularly DFT, ab initio MD, classical all-atom MD, and MLP-based studies, have played
a pivotal role in elucidating the fundamental mechanisms governing its photocatalytic
activity. DFT calculations have provided insights into band structure modifications, defect
engineering, and doping strategies, while ab initio MD and classical all-atom MD simu-
lations have revealed the dynamic interactions of BaTiO3 surfaces with water molecules
under realistic conditions. Furthermore, MLP-assisted metadynamics simulations have
emerged as a powerful tool for overcoming the computational limitations of traditional
ab initio MD approaches. Collectively, these studies highlight the importance of computa-
tional modeling in optimizing BaTiO3-based photocatalysts. However, challenges such as
charge recombination, surface stability, and scalability of synthesis methods remain critical
obstacles that need to be addressed for practical applications.

Experimental studies have confirmed the photocatalytic potential of BaTiO3, particu-
larly under ultraviolet light, and have demonstrated that strategic modifications, such as
non-metal/metal doping, co-doping, and heterojunction formation, significantly enhance
its visible-light activity and charge separation efficiency. Despite these advances, chal-
lenges related to scalability, stability, and limited quantum efficiency remain, highlighting
the need for further experimental and computational efforts to optimize BaTiO3-based
photocatalysts for practical solar hydrogen production.

Future research should focus on integrating multiscale modeling techniques to bridge
the gap between atomistic simulations and experimental validation. The incorporation of
hybrid DFT functionals and beyond-DFT methods could improve the accuracy of electronic
structure predictions, particularly for defect states and charge transport mechanisms. Ad-
ditionally, the development of advanced machine learning potentials tailored for BaTiO3

could further accelerate large-scale simulations and enhance predictive capabilities. Exper-
imentally, synthesizing BaTiO3-based heterostructures with co-catalysts and optimizing
defect engineering strategies will be crucial for improving catalytic performance. A deeper
exploration of photoelectrochemical and piezo-photocatalytic effects in BaTiO3 could un-
lock new pathways for enhancing efficiency. Overall, a synergistic approach combining
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computational modeling and experimental techniques will be essential to realize the full
potential of BaTiO3 for sustainable hydrogen production.
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BaTiO3 Barium titanate
BiFeO3 Bismuth ferrite
BiVO4 Bismuth vanadate
CB Conduction band
CdS Cadmium sulfide
CO Carbon monoxide
CO2 Carbon dioxide
CTF Carbon triazine framework
DFT Density functional theory
DFT + U Density functional theory + Hubbard U correction
FDTD Finite-difference time-domain
GGA Generalized gradient approximation
HSE Hybrid functional
HF Hartree–Fock
LaAlO3 Lanthanum aluminate
LDA Local density approximation
MD Molecular dynamics
MLP Machine learning potentials
PAW Projector augmented wave
PBE Perdew–Burke–Ernzerhof
SrTiO3 Strontium titanate
TiO2 Titanium dioxide
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157. Kovač, I.; Mužević, M.; Pajtler, M.V.; Lukačević, I. Charge carrier dynamics across the metal oxide/BaTiO3 interfaces toward
photovoltaic applications from the theoretical perspective. Surf. Interfaces 2023, 39, 102974. [CrossRef]

158. Kaptagay, G.A.; Satanova, B.M.; Abuova, A.U.; Konuhova, M.; Zakiyeva, Z.; Tolegen, U.Z.; Koilyk, N.O.; Abuova, F.U. Effect of
rhodium doping for photocatalytic activity of barium titanate. Opt. Mater. X 2025, 25, 100382. [CrossRef]

159. Opoku, F.; Akoto, O.; Kwaansa-Ansah, E.E.; Asare-Donkor, N.K.; Adimado, A.A. Role of BaTiO3 crystal surfaces on the electronic
properties, charge separation, and visible light–response of the most active (001) surface of LaAlO3: A hybrid density functional
study. Chem. Phys. Impact 2023, 6, 100236. [CrossRef]

160. Abbasi, P.; Barone, M.R.; Cruz-Jáuregui, M.d.l.P.; Valdespino-Padilla, D.; Paik, H.; Kim, T.; Kornblum, L.; Schlom, D.G.; Pascal,
T.A.; Fenning, D.P. Ferroelectric Modulation of Surface Electronic States in BaTiO3 for Enhanced Hydrogen Evolution Activity.
Nano Lett. 2022, 22, 4276–4284. [CrossRef]

161. Gunawan, M.; Bowdler, O.; Zhou, S.; Fang, X.; Zhang, Q.; Sakamoto, Y.; Sun, K.; Gunawan, D.; Chang, S.L.; Amal, R.; et al.
Ferroelectric Polarization-Induced Performance Enhancements in BiFeO3/BiVO4 Photoanodes for Photoelectrochemical Water
Splitting. Adv. Funct. Mater. 2025, 35, 2417651. [CrossRef]

162. Goumri-Said, S.; Kanoun, M.B. Insight into the Effect of Anionic–Anionic Co-Doping on BaTiO3 for Visible Light Photocatalytic
Water Splitting: A First-Principles Hybrid Computational Study. Catalysts 2022, 12, 1672. [CrossRef]

163. Chandrappa, S.; Galbao, S.J.; Krishnan, P.S.S.R.; Koshi, N.A.; Das, S.; Myakala, S.N.; Lee, S.; Dutta, A.; Cherevan, A.; Bhattacharjee,
S.; et al. Iridium-Doping as a Strategy to Realize Visible-Light Absorption and P-Type Behavior in BaTiO3. J. Phys. Chem. C 2023,
127, 12383–12393. [CrossRef]

164. Bhat, D.K.; Bantawal, H.; Shenoy, U.S. Rhodium Doping Augments Photocatalytic Activity of Barium Titanate: Effect of Electronic
Structure Engineering. Nanoscale Adv. 2020, 2, 5688–5698. [CrossRef]

165. Qiu, H.; Yang, T.; Zhou, J.; Yang, K.; Ying, Y.; Ding, K.; Yang, M.; Huang, H. Tunable Hydrogen Evolution Activity by Modulating
Polarization States of Ferroelectric BaTiO3. J. Mater. Chem. A 2023, 11, 7034–7042. [CrossRef]

166. Wang, Y.; Zhou, Q.; Zhang, Q.; Ren, Y.; Cui, K.; Cheng, C.; Wu, K. Effects of La-N Co-Doping of BaTiO3 on Its Electron-Optical
Properties for Photocatalysis: A DFT Study. Molecules 2024, 29, 2250. [CrossRef]

167. Saadon, N.M.Q.; Miran, H.A. Optoelectronic Tuning of Barium Titanate Doped with Pt: A Systematic First-Principles Study. Pap.
Phys. 2024, 16, 160002. [CrossRef]

168. Sharma, D.; Upadhyay, S.; Satsangi, V.R.; Shrivastav, R.; Waghmare, U.V.; Dass, S. Nanostructured BaTiO3/Cu2O Heterojunction
with Improved Photoelectrochemical Activity for H2 Evolution: Experimental and First-Principles Analysis. Appl. Catal. B
Environ. 2016, 189, 75–85. [CrossRef]

169. Inerbaev, T.; Akilbekov, A.; Kenbayev, D.; Dauletbekova, A.; Shalaev, A.; Polisadova, E.; Konuhova, M.; Piskunov, S.; Popov, A.I.
Color Centers in BaFBr Crystals: Experimental Study and Theoretical Modeling. Materials 2024, 17, 3340. [CrossRef]
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