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[bookmark: abstract]Abstract
Efficient photocatalysts for solar hydrogen generation must absorb visible light, align with water redox potentials, and enable fast charge transport. Using density functional theory with a Hubbard U correction (DFT+U, U = 5 eV), we study tetragonal BaTiO₃ under biaxial strain (–6% to +6%). Tensile strain reduces the indirect R→Γ band gap from ≈2.46 to ≈2.06 eV, shifting absorption into the visible spectrum. At the same time, the conduction and valence band edges remain well positioned for water splitting, ensuring thermodynamic feasibility. Strain also lowers the hole effective mass, greatly enhancing mobility. Unlike doping or heterojunctions, this approach preserves the intrinsic, defect-free character of BaTiO₃. The combined benefits of visible absorption, robust band-edge alignment, and improved transport identify biaxially strained BaTiO₃ as a clean, efficient, and stable photocatalyst for visible-light-driven hydrogen production.
Keywords: BaTiO₃; biaxial strain; DFT+U; carrier mobility; effective masses; photocatalysis.
[bookmark: introduction]1. Introduction
[bookmark: computational-details]The global energy transition demands sustainable alternatives to fossil fuels. In this context, hydrogen is viewed as a key energy vector, and photocatalytic water splitting offers a renewable route to produce hydrogen from abundant solar energy [1–3]. To serve as an efficient photocatalyst, a semiconductor must meet three essential criteria: (i) a band gap of roughly 2.0–3.0 eV to harvest visible light; (ii) conduction and valence band edges that straddle the redox potentials of H⁺/H₂ and O₂/H₂O; and (iii) high carrier mobilities to suppress electron–hole recombination [4–7]. In practice, many oxide semiconductors fail to satisfy all three conditions simultaneously.
Titanium dioxide (TiO₂) is the most widely studied photocatalyst due to its chemical stability and low cost; however, its wide band gap (~3.2 eV) restricts absorption to the UV region (<5% of the solar spectrum) [8–9]. Strontium titanate (SrTiO₃) exhibits a similar gap (>3.1 eV) and remains active only under UV illumination [10]. Other common oxides, such as ZnO (~3.3 eV) and SnO₂ (~3.6 eV), also absorb only UV light [11–12]. Efforts to extend visible-light absorption through doping or heterojunction formation have had limited success: these approaches often introduce mid-gap trap states that accelerate recombination [13–15].
Perovskite oxides, particularly BaTiO₃, offer a promising alternative. BaTiO₃ is ferroelectric, and its built-in polarization promotes electron–hole separation via internal electric fields [16–17]. In the tetragonal phase, BaTiO₃ inherently straddles the water-splitting redox potentials (with its conduction band minimum below H⁺/H₂ and its valence band maximum above O₂/H₂O) [18]. However, its intrinsic band gap (~3.1 eV) is wide, restricting absorption to UV light. Therefore, finding a way to reduce the band gap without disrupting its favorable band-edge alignment is of great interest.
Strain engineering provides a chemically clean method to tune the optoelectronic properties of materials [19–20]. In practice, biaxial strain can be imposed via epitaxial growth on mismatched substrates or by mechanical clamping. Strain alters the lattice parameters, bond angles, and crystal-field splittings of the material. Previous studies have shown that strain can induce significant changes in ferroelectric polarization and electronic structure in perovskites [21]. In titanate perovskites specifically, biaxial strain has been found to strongly affect band gaps and carrier effective masses [21]. Recent experimental work (e.g. using ball-milling and piezocatalysis of BaTiO₃) further highlights the potential of strain to enhance photocatalytic activity [22].
In this work, we systematically investigate the effects of epitaxial biaxial strain (ranging from –6% to +6%) on the electronic and optical properties of tetragonal BaTiO₃ using DFT+U calculations. We examine the structural relaxation, electronic band structure, band gap evolution, carrier effective masses, mobilities, optical absorption spectrum, and absolute band-edge alignment as functions of strain. By comparing strained BaTiO₃ with benchmark oxides (TiO₂, SrTiO₃, ZnO, SnO₂) and with BiVO₄, we demonstrate why strain-engineered BaTiO₃ is a competitive visible-light photocatalyst. Notably, our results show that tensile biaxial strain can simultaneously achieve a visible-range band gap and improved charge transport while preserving favorable band-edge positions, in contrast to many doping strategies. Despite these advantages, the role of epitaxial strain in tuning BaTiO₃’s photocatalytic performance has not been thoroughly explored to date.
2. Computational details
[bookmark: results-and-discussion]All calculations were carried out using the Quantum ESPRESSO package within the framework of density functional theory (DFT). The exchange–correlation effects were described using the Perdew–Burke–Ernzerhof (PBE) generalized gradient approximation (GGA), with an on-site Hubbard correction of U = 5 eV applied to the Ti 3d orbitals to account for strong electronic correlations.
Norm-conserving pseudopotentials were employed for Ba, Ti, and O. The plane-wave basis set was truncated at cutoff energies of 60 Ry for the wavefunctions and 480 Ry for the charge density. For structural optimization, variable-cell relaxations were performed using the BFGS algorithm until forces and stresses were minimized. The Brillouin zone was sampled using a 6×6×6 Monkhorst–Pack grid during structural relaxation, while a denser 10×10×10 grid was adopted for self-consistent field (SCF) calculations.
The electronic band structures were calculated along the high-symmetry path Γ–X–M–Γ–Z–R–A–Z in the tetragonal Brillouin zone. The optical properties were derived from the frequency-dependent complex dielectric function, from which the absorption coefficient was obtained.
The effective masses of charge carriers were evaluated by fitting parabolic functions to the band extrema, and the mobilities were estimated within the Drude model approximation. Finally, the absolute band-edge positions relative to vacuum were determined using the Mulliken electronegativity approach [23-26].
3. Results and discussion
[bookmark: structural-response-to-strain]3.1 Structural response to strain
We first optimized the crystal structure of tetragonal BaTiO₃, explicitly considering spin polarization, in order to determine its ground-state configuration. The relaxation process preserved the intrinsic P4mm tetragonal symmetry, confirming the stability of this phase under equilibrium conditions. The calculated lattice constants were found to be a = b = 3.98 Å and c = 4.02 Å, in excellent agreement with the reported experimental values (a = b = 3.99 Å, c = 4.02 Å) [27]. Such close consistency between theoretical predictions and experimental data highlights the reliability of the PBE-GGA+U method in accurately reproducing the subtle distortions associated with the ferroelectric tetragonal phase of BaTiO₃. In particular, the slight elongation along the c-axis reflects the off-centering of the Ti⁴⁺ ion relative to the surrounding O²⁻ octahedron, a key structural feature responsible for the spontaneous polarization in BaTiO₃. Therefore, the optimized structure not only validates our computational approach but also establishes a solid foundation for analyzing the strain-induced modifications in its electronic and optical properties, as illustrated in Figure 1-(a).
Table 1 Lattice parameters values of the BaTiO₃ system calculated using PBE-GGA + U approximation

	Source
	a (Å)
	c (Å)
	Method

	Experimental [27]
	3.99
	4.02
	XRD

	This work
	3.98
	4.02
	GGA+U

	Litterature [28]
	3.96
	3.99
	GGA






Figure 1-(b) illustrates the effect of in-plane biaxial strain on the out-of-plane lattice parameter (c) and the unit-cell volume (V) of BaTiO₃. Under tensile in-plane strain (ε∥ > 0), the c-axis contracts monotonically while the cell volume increases nearly linearly. Under compressive in-plane strain (ε∥ < 0), c expands slightly and V decreases. This behavior reflects the elastic coupling between the in-plane constraint and out-of-plane relaxation, effectively tuning the tetragonality (c/a) of the crystal. Throughout the explored strain range, c/a remains greater than 1.0, indicating that the ferroelectric polarization along [001] persists under both tensile and compressive strain. This is consistent with prior observations in epitaxially strained ferroelectric perovskites [29].
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Figure 1. Crystal structure of tetragonal BaTiO₃: (a) schematic representation of the Ba²⁺, Ti⁴⁺, and O²⁻ ions in the perovskite lattice; (b) evolution of the out-of-plane lattice parameter (c) and the unit-cell volume (V) of BaTiO₃ as a function of applied biaxial strain.
[bookmark: band-structure-without-strain]3.2 Band structure without strain
At the equilibrium (unstrained) lattice, BaTiO₃ is an indirect-gap semiconductor. Our calculations yield a band gap of approximately 2.46 eV, with the maximum valence band located at the R point and the conduction band minimum at Γ (Figure 2). This R→Γ indirect transition is in agreement with previous DFT studies of titanates [30]. The conduction band is composed mainly of Ti 3d orbitals, and the valence band is mainly O 2p, whereas the Ba states lie much deeper in energy. We note that our calculated gap (2.46 eV) is smaller than the experimental optical gap (~3.1 eV) due to the well-known band-gap underestimation of PBE-GGA+U.
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Figure 2. Band structure of BaTiO₃ at 0% strain along Γ–X–M–Γ–Z–R–A–Z, showing an indirect R→Γ band gap.
[bookmark: band-structures-under-strain]3.3 Band structures under strain
Figure 3 compares the electronic band structures of BaTiO₃ under representative biaxial strains (–6%, –3%, +3%, +6%). In all cases, the material remains an indirect-gap semiconductor with R→Γ character. Tensile strain has a pronounced effect: it lowers the conduction-band minimum at Γ (by reducing the in-plane Ti–O overlap) and raises the valence-band maximum at R (due to enhanced polarization), resulting in a reduced band gap. For example, at +6% strain the calculated gap is ≈2.06 eV. By contrast, compressive strain has only a minor effect on the gap, keeping it near 2.4 eV. This strain-induced band-gap narrowing under tension is similar to that observed in other oxide perovskites [10] and in mixed oxynitrides [31]. Thus, epitaxial tension effectively tunes BaTiO₃ into the visible-light regime without changing its fundamental indirect-gap nature.
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Figure 3. Band structures of BaTiO₃ under biaxial strains (–6%, –3%, +3%, +6%). The indirect R→Γ gap is preserved but shifts under tensile strain.
[bookmark: band-gap-evolution]3.4 Band gap evolution
Figure 4 shows the indirect band gap of BaTiO₃ as a function of biaxial strain. The gap decreases roughly linearly under tensile strain, reaching ≈2.06 eV at +6% (corresponding to an absorption onset near 600 nm). By contrast, the benchmark oxides remain firmly in the UV: TiO₂ (~3.2 eV), SrTiO₃ (~3.2 eV), SnO₂ (~3.6 eV), and ZnO (~3.3 eV) [8,10–12] absorb only ultraviolet light (<400 nm). In other words, strain uniquely allows BaTiO₃ to span the visible spectrum, whereas these materials cannot without extrinsic modification. Notably, BaTiO₃ retains its ferroelectric polarization and favorable band-edge alignment under strain, unlike many wide-gap oxides that require chemical doping or heterostructures to absorb visible light.
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Figure 4. Indirect band gap of BaTiO₃ versus biaxial strain.
[bookmark: effective-masses-and-mobilities]3.5 Effective masses and mobilities
Biaxial strain also strongly influences carrier effective masses. As shown in Figure 5, the electron effective mass (at the Γ point) remains light (~0.5 mₑ) and varies only slightly with strain. In contrast, the hole effective mass (at the R point) decreases dramatically under tensile strain: it falls from ~3 mₑ at 0% strain to ~1 mₑ at +6% strain. This implies a substantial increase in hole mobility under tension (Figure 6). For context, TiO₂ is known to have an extremely low hole mobility (<1 cm²/V·s) [32], limiting its oxidation kinetics. Our estimates indicate that BaTiO₃ under +6% strain could achieve hole mobilities >10 cm²/V·s. Such a dramatic mobility enhancement is critical for efficient charge transport, particularly for water oxidation reactions that require holes to reach the surface.
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Figure 5. Carrier effective masses (in units of electron mass mₑ) for electrons (black) and holes (red) in BaTiO₃ as a function of biaxial strain.
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Figure 6. Estimated carrier mobilities in BaTiO₃ versus strain, assuming scattering by optical phonons.
[bookmark: optical-absorption]3.6 Optical absorption
Figure 7 presents the calculated optical absorption spectra of BaTiO₃ under different strains. Tensile strain causes a clear redshift of the absorption onset into the visible region, with substantial absorption intensity up to ~600 nm. (Although the gap remains indirect and the onset is relatively weak, the overall integrated visible absorption increases markedly.) For comparison, BiVO₄ (with Eg ~2.4 eV) also absorbs visible light [33], but it’s very low electron/hole mobilities and rapid recombination make it a sluggish photocatalyst. In contrast, strained BaTiO₃ combines a visible-range band gap with high carrier mobilities and ferroelectric-driven charge separation. This synergy addresses two key limitations of BiVO₄—low mobility and fast recombination—in a single material, making strained BaTiO₃ promising for solar water splitting.
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Figure 7. Calculated absorption spectra of BaTiO₃ at –6%, 0%, and +6% strain. Tensile strain shifts onset into the visible.
[bookmark: band-edge-alignment]3.7 Band-edge alignement
Figure 8 shows the estimated band-edge positions of BaTiO₃ (relative to the normal hydrogen electrode) as a function of strain. Crucially, for all strains the conduction band edge remains above the H⁺/H₂ potential, and the valence band edge remains below the O₂/H₂O potential. In other words, BaTiO₃ maintains thermodynamic feasibility for overall water splitting even at +6% strain. Thus, epitaxial strain can tune the band gap without destroying the desired redox alignment. Unlike chemical doping (which often introduces mid-gap states or shifts band edges unfavorably [15]) or alloying (which can create defect traps), strain is a “defect-free” tuning knob: it lowers Eg and improves carrier transport while preserving the intrinsic band-edge positions necessary for water splitting.
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Figure 8. Schematic band-edge positions of BaTiO₃ under different strains, relative to water redox potentials. Strain reduces E₉ but keeps CB above H⁺/H₂ and VB below O₂/H₂O.
[bookmark: practical-implications]3.8 Practical implications
Beyond photocatalysis, our results suggest broader opportunities for strain-engineered ferroelectric oxides. The ability to reversibly tune band gaps and polarizations via mechanical strain could enable adaptive photo detectors, ferroelectric photovoltaics, and varactors that switch their absorption spectra under applied stress. The concept of “strain-bandgap tunability” demonstrated here for BaTiO₃ may extend to other ferroelectric perovskites (e.g. BiFeO₃, SrTiO₃) for multifunctional optoelectronic devices.
4. Conclusion
In summary, epitaxial biaxial strain is shown to be a powerful and clean strategy for optimizing the photocatalytic properties of BaTiO₃. Our DFT+U study demonstrates that moderate tensile strain (up to +6%) reduces the band gap to ~2.06 eV, moving the absorption into the visible-light range while retaining favorable band-edge alignment for water redox reactions. At the same time, strain dramatically enhances hole mobility by reducing the effective mass, overcoming a common bottleneck of oxide photocatalysts. Unlike chemical doping, this approach preserves BaTiO₃’s intrinsic ferroelectric polarization and chemical stability, ensuring both performance and durability. These findings establish strained BaTiO₃ as a robust, defect-free platform for visible-light-driven water splitting and motivate future experimental validation in epitaxial thin films and heterostructures.
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