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Abstract

Electrons serve as fundamental mediators of energy conversion in photocatalytic systems,
governing light harvesting, charge excitation, carrier migration, and surface redox
processes that ultimately dictate the efficiency of solar-driven chemical transformations.
However, precise manipulation of electronic states in photocatalytic systems remains
challenging because the intrinsic complexity of electron configuration and dynamic
evolution restricts the optimization of catalytic performance. Herein, we demonstrate that
orbital-spin synergy deciphered by explainable deep learning governs multi-field
responsiveness of Pt-doped BiFeO, for efficient photocatalytic hydrogen production.
Orbital-spin synergy reconstructs electronic states via Pt 5d—Fe 3d-O 2p hybridization and
spin redistribution promoting charge separation across multiple external fields. A multi-
property density functional theory database covering 29 transition-metal dopant elements
and 58 site-specific BiFeO, doping configurations was established to screen BiFeO, using
electronic, optical, dielectric, piezoelectric, and spin descriptors. Pt-doped BiFeO, achieved
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the highest screening score while structural and spectroscopic characterizations confirmed successful Pt
incorporation with preserved lattice integrity. Multi-field responsiveness was evaluated through carrier-dynamics
measurements and photocatalytic hydrogen evolution under coupled light, magnetic, mechanical, and polarization
fields. Suppressed electron—hole recombination affords superior hydrogen evolution activity, prolonged carrier
lifetime, reduced charge-transfer resistance, and outstanding cycling stability. This work reveals orbital-spin synergy
as an effective pathway for electronic-state engineering, offering new guidance for the development of
photocatalytic systems with efficient solar energy conversion.

INTRODUCTION

Electrons serve as the central carriers of energy conversion in photocatalytic systems by coupling photon
harvesting with surface redox reactions?. Electronic excitation determines carrier generation, while carrier
migration controls the spatial distribution of reduction and oxidation reactions throughout photocatalytic
processes”. Electronic interactions regulate energy-level alignment, interfacial charge transfer, and reaction
kinetics, thereby dictating solar-to-chemical energy conversion efficiency'**. Despite continuous advances in
photocatalyst development, inefficient carrier utilization and severe electron-hole recombination remains
major barriers to further performance improvement!®”.. Conventional optimization strategies mainly
adjusted composition, morphology, and heterostructures', yet their influence on intrinsic electronic
behavior proved limited"”'. Precise regulation of electronic states is accordingly indispensable for
reconstructing charge-transfer pathways and improving interfacial redox processes''*’. Advancing
photocatalytic solar energy conversion consequently relies increasingly on precise electronic-state
engineering!""*.

Electronic-state engineering emerged as an effective strategy for tailoring carrier dynamics and interfacial
charge transfer in photocatalytic systems'"*'*. Band-structure modulation, defect engineering, heterointerface
construction, and elemental doping were widely explored to reshape electronic structures and optimize
photocatalytic activity!”**. These approaches substantially improved light harvesting, charge separation, and
reaction kinetics across diverse photocatalytic systems. However, most studies primarily focused on
macroscopic electronic characteristics, whereas the microscopic origin of electronic-state evolution remained
insufficiently understood. Orbital interaction and spin evolution were commonly investigated as separate
phenomena, leaving their intrinsic coupling origin largely unexplored”?*. Orbital-spin synergy therefore
provides a promising framework for interpreting electronic-state evolution at the atomic scale. This
synergistic pathway also establishes a new foundation for precise electronic-state engineering and rational
photocatalyst design.

Orbital-spin synergy originated from the intrinsic coupling between orbital hybridization and spin
polarization during electronic-state evolution. Orbital hybridization redistributed electron density by
modifying orbital overlap and energy-level alignment, which optimized charge-transfer pathways in
numerous photocatalytic systems!”??\. Spin polarization prolonged carrier lifetime by introducing spin-
selective transport, thereby suppressing electron-hole recombination during photocatalytic reactions® ..
Multiferroic compounds such as BiFeO, combined visible-light absorption with spontaneous ferroelectric
polarization whose internal electric field promoted photogenerated charge separation and enabled
polarization-dependent photocatalytic water conversion””*?\. However, pristine BiFeO, still suffers from
intrinsic limitations, including insufficient electronic-band optimization and rapid recombination of
photogenerated charge carriers, which restrict its efficiency for photocatalytic hydrogen evolution. Rational
electronic-structure modulation through transition-metal incorporation provides an effective strategy to
optimize band-edge characteristics and carrier-transfer behavior. In particular, Pt incorporation is expected
to induce orbital reconstruction and spin-related electronic regulation, thereby improving the electronic
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conditions required for efficient hydrogen evolution. Electronic redistribution arising from concurrent
orbital reconstruction and spin evolution strengthened carrier separation together with interfacial redox
activity beyond the capability of independent regulation. These observations indicated that orbital-spin
synergy represented the microscopic origin of precise electronic-state engineering rather than two
independent electronic effects. Orbital-spin synergy is therefore expected to provide an effective route
toward overcoming the intrinsic limitations of electronic-state engineering in photocatalytic systems.

Herein, we develop an integrated computational-experimental framework to decipher orbital-spin synergy
in multi-field-responsive Pt-doped BiFeO, for photocatalytic hydrogen production. A multi-property density
functional theory (DFT) database comprising 58 site-specific BiFeO, doping configurations generated from
29 transition-metal dopant elements at distinct lattice sites is constructed using electronic, optical, dielectric,
piezoelectric, and spin descriptors. A unified scoring scheme is applied to rank the candidate systems and
identify compositions suitable for subsequent experimental investigation. The selected Pt-doped BiFeO, is
synthesized, followed by structural, morphological, spectroscopic, chemical-state, and ferroelectric
characterizations. Photocatalytic hydrogen evolution and carrier dynamics are examined under individual or
coupled light, magnetic, mechanical, and polarization fields. Explainable deep learning is combined with
electronic-structure calculations to correlate key descriptors with orbital hybridization, spin redistribution,
charge migration, and interfacial reaction pathways. This work is expected to establish orbital-spin synergy
as a mechanistic basis for electronic-state engineering and guide the development of photocatalytic systems
for efficient solar energy conversion.

MATERIALS AND METHODS

Experimental synthesis and evaluation

Pristine and Pt-doped BiFeO, photocatalysts were synthesized using a modified citrate-assisted sol-gel
method. Structural and electronic properties were characterized by X-ray diffraction (XRD), X-ray
photoelectron spectroscopy (XPS), and synchrotron X-ray absorption fine structure (XAFS), while X-ray
magnetic circular dichroism (XMCD) was employed to probe element-specific spin polarization.
Photogenerated carrier dynamics were evaluated by time-resolved photoluminescence (TRPL) and
photoelectrochemical measurements. Photocatalytic hydrogen evolution was investigated under simulated
solar irradiation alone and under coupled magnetic-field, ferroelectric-polarization, and mechanical-
vibration conditions. Full experimental procedures, characterization details, and measurement conditions are
provided in the Supplementary Materials.

DFT computational methodology

First-principles calculations were performed to establish the electronic-structure database of transition-
metal-modified BiFeO, and to identify the intrinsic descriptors governing orbital-spin synergy'**\. The
rhombohedral BiFeO, structure with an R3c space group and G-type antiferromagnetic ordering was selected
as the pristine framework, and its crystal structure is shown in Supplementary Figure 1A. A periodic
supercell was constructed based on the experimentally reported lattice configuration to preserve the FeO,
octahedral connectivity and ferroelectric distortion characteristics of BiFeO,. Transition-metal dopants were
introduced by substituting either Bi sites (A sites) or Fe sites (B sites) in the BiFeO, lattice. A total of 29
candidate transition-metal elements were considered, as shown in Supplementary Figure 1B, and their
electronic compatibility with the host lattice was evaluated based on the interaction between dopant d
orbitals and the BiFeO, electronic framework. Pt-doped BiFeO, was subsequently selected as the

representative system for detailed orbital and spin investigation.

All DFT calculations"*! were carried out using the projector augmented-wave (PAW) formalism within the
generalized gradient approximation (GGA) framework implemented in the Device Studio. The
Perdew-Burke-Ernzerhof (PBE) functional was employed to describe exchange—correlation interactions. The
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Hubbard U correction was introduced to accurately describe electron localization and magnetic interactions,
given the localized nature of Fe 3d and dopant d electrons. Spin-polarized calculations were performed
throughout all structural relaxation and electronic-property evaluations to capture the magnetic contribution
of transition-metal substitution.

The plane-wave kinetic energy cutoff was set to 500 eV, and Brillouin-zone integration was performed using
Monkhorst-Pack k-point meshes with appropriate sampling density. Structural optimization was conducted
until the residual forces on each atom were below 0.05 eV-A™" and the total energy variation reached
convergence. The electronic structures, including band structures, density of states (DOS), projected density
of states (PDOS), spin density distributions, and charge-density differences, were calculated after structural
relaxation using identical computational parameters.

The doped BiFeO, systems were systematically evaluated using electronic, optical, dielectric, piezoelectric,
and spin-related descriptors to construct the multi-property dataset. The band gap, piezoelectric tensor, spin
polarization, dielectric constant, and optical properties, including average extinction coefficient, refractive
index, reflectance, and absorption coefficient, were extracted from the converged DFT calculations. These
descriptors provided a unified computational foundation for subsequent multi-objective screening and
explainable deep-learning interpretation of orbital-spin synergy.

Additional calculations incorporating spin-resolved electronic structures were performed for the Pt-doped
BiFeO, system to investigate the hybridization between Pt 5d, Fe 3d, and O 2p orbitals. The orbital-PDOS,
differential charge density, electron localization function, and spin-density distribution were analyzed to
elucidate the relationship between orbital reconstruction, spin redistribution, and enhanced photocatalytic
charge-transfer behavior.

Multi-objective screening

A DFT-driven multi-objective screening strategy”*** was established using the calculated properties of
transition-metal-doped systems to identify an optimal dopant for regulating the electronic structure and
multi-field responsiveness of BiFeO,. Unlike conventional screening approaches relying on a single
descriptor, the present strategy simultaneously considered electronic, optical, dielectric, piezoelectric, and
spin-related characteristics, aiming to balance visible-light harvesting, carrier separation, internal-field
generation, and spin-mediated charge transport.

The calculated transition-metal-doped BiFeO, systems were first evaluated according to structural stability
and electronic compatibility. The formation energy of each doped configuration was calculated to assess the
thermodynamic feasibility of dopant incorporation. Systems with unfavorable structural distortion or
significant electronic instability were excluded from subsequent comparison. The remaining candidates were
quantitatively analyzed using multiple photocatalytic descriptors, including band gap, optical absorption
characteristics, dielectric constant, piezoelectric response, and spin polarization.

All selected descriptors were normalized using a min-max scaling approach to enable comparison among
different physical quantities. For a given descriptor P, the normalized contribution was calculated as:
P.—-P,
§; = L Tmin 40

Pmax _Pmin
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where P _and P, represent the maximum and minimum values among all doped configurations. A target-
window scoring function was applied to descriptors requiring an optimal range rather than monotonically
increasing behavior, such as band gap, to favor photocatalytically suitable electronic structures.

The overall photocatalytic screening score was obtained by averaging the normalized contributions from
different performance descriptors:

Stotal =

| =

5
>
i-1

where S, represents the normalized score of each performance descriptor, including the band gap (S;,),
piezoelectric coefficient (S,), spin polarization (Sy), dielectric constant (S;), and optical properties (S,,),

Equal weighting was adopted to avoid artificial bias toward any individual property and to evaluate the
intrinsic multifunctional capability of each doped system.

Explainable deep-learning framework

An explainable deep-learning framework was established to analyze the nonlinear relationships between
multiple DFT-derived descriptors and multiple physical properties relevant to photocatalytic performance,
aiming to elucidate the intrinsic origin of the superior photocatalytic performance of Pt-doped BiFeO,.
Unlike common data-driven screening strategies that directly predict candidate compositions®*), the
present framework was designed as a post-screening interpretation model to quantitatively identify the
relative contributions of different physical descriptors to the predicted physical properties relevant to
catalytic behavior.

The input dataset consisted of the calculated properties of all transition-metal-doped BiFeO, systems
obtained from first-principles calculations. The input features included electronic properties of orbital group
and spin group descriptors as well as substitution site and elemental descriptors. Multiple DFT-derived
physical properties served as the prediction targets, whereas the comprehensive performance score obtained
from the multi-objective screening procedure was used to rank candidates. All descriptors were normalized
using min-max scaling prior to model training to eliminate dimensional differences and improve model
convergence.

A fully connected deep neural network (DNN)** was adopted to establish the nonlinear mapping between
the descriptor space and the target properties. The network comprised an input layer, multiple hidden layers
activated by rectified linear unit (ReLU) functions, and a multi-neuron output layer for multi-target
regression. The network parameters were optimized using the Adam optimizer with mean squared error
(MSE) as the loss function. To improve model generalization and suppress overfitting caused by the limited
dataset size, dropout regularization and early stopping strategies were introduced during training. Five-fold
cross-validation was employed to evaluate the predictive performance and robustness of the model. Model
performance was quantitatively assessed using the coefficient of determination (R?), root mean square error
(RMSE), and mean absolute error (MAE).

The explainable learning framework provided an interpretable bridge between first-principles calculations
and experimental observations'*”. It combined nonlinear prediction capability with feature attribution and
enabled the quantitative identification of the electronic and spin-related descriptors governing photocatalytic
activity, thereby revealing the orbital-spin synergistic pathway responsible for the enhanced hydrogen
evolution performance of Pt-doped BiFeO,. SHapley Additive exPlanations (SHAP)"“** were employed to
interpret the trained DNN model by quantifying the contribution of each descriptor to each predicted
physical property. SHAP was developed based on cooperative game theory and quantified the importance of



Page 6 of 22 Zhang et al. J. Mater. Inf. 2026, 6, 52

Table 1. Multi-objective screening scores of representative single-doped BiFeO, photocatalysts based on the predicted band gap,
piezoelectric tensor, spin polarization, dielectric constant, and optical properties

Sample Band gap Piezoelect-ric tensor Spin polariza-tion Dielectric constant  Optical properties Average
BiFe(Pt)O; 90.1 35.8 100.0 47.0 48.0 64.2
BiFe(Tc)O, 87.3 35.1 98.2 41.8 57.4 64.0
Bi(Ru)FeO, 78.1 46.8 79.7 9.5 67.2 56.3
Bi(Os)FeO, 70.2 31.0 84.0 28.7 58.8 54.5
Bi(Cd)FeO, 63.2 100.0 329 7.6 66.8 541
BiFe(Zn)O, 713 27.6 56.6 46.1 56.1 51.5

each input feature by evaluating its marginal contribution to the model output under all possible feature
combinations. Both global and local SHAP analyses were performed. Global SHAP values were used to rank
the overall importance of different descriptors, whereas local SHAP values were utilized to reveal the
dominant factors responsible for the superior performance of Pt-doped BiFeO..

RESULTS AND DISCUSSION

Multi-objective screening of Pt-doped BiFeO,

A multi-objective screening strategy identifies Pt as the most promising dopant for regulating the electronic
properties of BiFeO, toward efficient photocatalytic hydrogen evolution. Electronic, optical, dielectric,
piezoelectric, and spin-related descriptors are integrated into a unified scoring framework to evaluate the
overall performance of 58 transition-metal-doped BiFeO, configurations derived from 29 candidate dopant
elements. The comprehensive screening results are summarized in Table 1, where Pt-doped BiFeO, achieves
the highest average score of 64.2 among all candidates. The corresponding raw DFT-calculated physical
properties for all 29 dopants are provided in Supplementary Table 1 as the basis for the normalization and
screening results presented in Table 1. The superior ranking originates from its balanced performance rather
than a single dominant descriptor. Pt substitution reaches the maximum normalized spin polarization score
of 100.0 while simultaneously maintaining competitive band-gap, dielectric, piezoelectric, and optical
responses. Tc-doped BiFeO, exhibits a comparable average score of 64.0, yet its lower spin polarization and
dielectric response reduce its overall competitiveness. Moreover, despite its competitive theoretical
performance, Tc was excluded from further experimental consideration because technetium has no stable
isotopes and is intrinsically radioactive, which substantially limits its practical handling and experimental
implementation. Therefore, the final selection of Pt was based not only on its comprehensive multi-property
performance but also on its greater feasibility for subsequent experimental investigation. These results
demonstrate that Pt provides the most favorable balance among multiple functional descriptors, establishing
a reliable computational basis for subsequent experimental investigation.

The comparison further indicates that balanced electronic regulation is more critical than maximizing an
individual property for photocatalytic systems. Ru-, Os-, and Cd-doped BiFeO, exhibit excellent
performance in specific descriptors but fail to maintain high comprehensive scores because of pronounced
trade-offs among different properties. Cd substitution produces the highest piezoelectric response, whereas
its weak dielectric response and limited spin polarization substantially reduce the overall evaluation. Ru and
Os substitutions enhance optical characteristics but show insufficient dielectric or spin-related performance
compared with Pt. The consistently high scores achieved by Pt across all descriptor categories suggest that its
electronic configuration simultaneously promotes orbital hybridization and spin polarization, enabling
cooperative optimization of multiple physical properties. Such comprehensive superiority distinguishes Pt
from conventional dopants selected using single-property criteria. This screening outcome provides the first
evidence that Pt is an optimal candidate for constructing orbital-spin synergistic regulation in BiFeO, and
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establishes the foundation for the subsequent structural validation and photocatalytic investigation.

Structural and electronic-state validation of Pt-doped BiFeO,

To clarify the Pt concentration and identify the composition, a Pt-concentration series comprising BFO, 5Pt-
BFO, 10Pt-BFO, and 15Pt-BFO was synthesized, where 5, 10, and 15 represent the nominal precursor Pt/Fe
molar ratios (%). ICP-OES measurements show actual bulk Pt/Fe molar ratios of 3.31% + 0.03%, 6.08% =
0.04%, and 8.21% + 0.06% for 5Pt-BFO, 10Pt-BFO, and 15Pt-BFO, respectively, as shown in Supplementary
Figure 2. As demonstrated by the following photocatalytic measurements, 10Pt-BFO exhibits the optimal
performance and is therefore referred to as BiFe(Pt)O,. The incorporation of Pt into the BiFeO, lattice is
confirmed by complementary structural characterization, demonstrating that Pt substitution induces lattice
reconstruction rather than surface deposition. XRD patterns in Figure 1A show that all major diffraction
peaks remain consistent with the rhombohedral BiFeO, phase, while slight peak shifts and refined lattice
parameters indicate lattice distortion after Pt modification. The concentration-dependent XRD patterns in
Supplementary Figure 3 further show that BFO, 5Pt-BFO, 10Pt-BFO, and 15Pt-BFO preserve the
characteristic BiFeO, diffraction pattern without obvious additional reflections. With increasing Pt precursor
concentration, the major diffraction doublet shifts downward, consistent with progressive lattice
expansion/distortion induced by Pt incorporation. High-resolution transmission electron microscopy in
Figure 1B reveals well-resolved lattice fringes without detectable secondary phases, confirming the
preservation of high crystallinity. High-angle annular dark-field scanning transmission electron microscopy
coupled with elemental mapping in Figure 1C further demonstrates the homogeneous distribution of Bi, Fe,
O, and Pt throughout the particles, excluding the formation of Pt-rich aggregates. These structural
observations collectively indicate that Pt atoms are potentially incorporated into Fe lattice sites while
maintaining the crystalline framework of BiFeO.,.

Electronic-state reconstruction associated with Pt incorporation is evidenced by optical and spectroscopic
characterization, revealing coordinated modulation of the band structure and local chemical environment.
Ultraviolet-visible (UV-Vis) diffuse reflectance spectra and Tauc fitting in Figure 1D demonstrate enhanced
visible-light absorption together with a moderate narrowing of the optical band gap, while the calculated
band-edge positions remain suitable for photocatalytic hydrogen evolution. Concentration-dependent Tauc
plots in Supplementary Figure 4 further reveal progressive band-gap narrowing with increasing Pt precursor
concentration, with the optical band gap decreasing from approximately 2.23 eV for BFO to 1.98, 1.84, and
1.64 eV for 5Pt-BFO, 10Pt-BFO, and 15Pt-BFO, respectively. These results demonstrate that Pt
concentration systematically modulates the electronic structure of BiFeO,.

High-resolution X-ray photoelectron spectra of Bi 4f and Fe 2p in Figure 1E and F exhibit discernible
binding-energy shifts relative to pristine BiFeO,, indicating modified electronic interactions among Bi, Fe,
and neighboring atoms after Pt incorporation. Oxygen 1s spectra in Figure 1G reveal changes in lattice
oxygen and defect-related oxygen species, suggesting an altered local coordination environment. Pt 4f
spectra in Figure 1H verify the existence of chemically incorporated Pt species instead of metallic Pt
nanoparticles. Synchrotron Pt L,-edge X-ray absorption near-edge structure (XANES) and Fourier-
transform extended X-ray absorption fine structure (FT-EXAFS) further provide direct local-structure
evidence for Pt-centered electronic reconstruction. As shown in Figure 11, the absorption-edge position and
white-line intensity of BiFe(Pt)O, lie between those of Pt foil and PtO,, indicating that Pt exists as chemically
incorporated positively charged species rather than metallic Pt. In Figure 1], the dominant FT-EXAFS peak
of Pt-modified BiFeO, appears at ~1.63 A, close to the first-shell feature of PtO, (~1.71 A) and distinctly
different from the Pt-Pt coordination peak of Pt foil (~2.64 A), indicating that Pt is mainly coordinated with
O instead of forming metallic Pt aggregates. The EXAFS fitting in Figure 1K reproduces the experimental
spectrum well with a small residual, supporting the Pt-O-dominated local coordination environment and
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Figure 1. Experimental characterization of pristine BiFeO, and BiFe(Pt)O, photocatalysts: (A) XRD patterns with enlarged diffraction peaks
and corresponding lattice parameters; (B) TEM image and HRTEM image of the BiFe(Pt)O, sample; (C) HAADF-STEM elemental mapping
images of Bi, Fe, O, and Pt; (D) UV—Vis diffuse reflectance spectra and corresponding Tauc plots together with the calculated band-edge
positions; (E) High-resolution XPS spectra of Bi 4f; (F) High-resolution XPS spectra of Fe 2p; (G) High-resolution XPS spectra of O 1s; (H)
High-resolution XPS spectra of Pt 4f; () Pt L,-edge XANES spectra of BiFe(Pt)O, together with PtO, and Pt foil references; (J) Pt L;-edge
FT-EXAFS spectra of Pt-modified BiFeO,, PtO,, and Pt foil; (K) R-space EXAFS fitting of Pt-modified BiFeO,; (L) Ferroelectric hysteresis
(P—E) loops of pristine BiFeO, and BiFe(Pt)O,. XRD: X-ray diffraction; TEM: transmission electron microscopy; HRTEM: high-resolution
transmission electron microscopy; HAADF-STEM: high-angle annular dark-field scanning transmission electron microscopy; UV—Vis:
ultraviolet—visible; XPS: X-ray photoelectron spectroscopy; XANES: X-ray absorption near-edge structure; FT-EXAFS: Fourier-transform
extended X-ray absorption fine structure.

providing direct experimental support for the Pt-centered local structural/electronic reconstruction
associated with the Pt 5d-Fe 3d-O 2p hybridization revealed by DFT. These results consistently demonstrate
that Pt substitution reconstructs the electronic environment of BiFeO, rather than introducing isolated

surface species.
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Ferroelectric polarization is simultaneously reinforced after Pt substitution, providing additional driving
force for charge separation during photocatalysis. Polarization-electric field hysteresis loops in Figure 1L
exhibit an enlarged polarization response for BiFe(Pt)O, compared with pristine BiFeO,, indicating
strengthened spontaneous polarization and improved ferroelectric behavior. Enhanced polarization increases
the internal electric field, which facilitates directional migration of photogenerated electrons and holes while
suppressing carrier recombination. The coexistence of lattice reconstruction, electronic-state modulation,
and strengthened ferroelectric polarization establishes a synergistically optimized electronic framework.
These structural and electronic characteristics provide direct experimental evidence supporting the
computational screening results and create favorable conditions for the enhanced multi-field-responsive
photocatalytic hydrogen evolution discussed in the following section.

Multi-field-responsive photocatalytic hydrogen evolution

BiFe(Pt)O, exhibits substantially enhanced photocatalytic hydrogen evolution, and the improvement
becomes more pronounced under coupled external fields. Hydrogen evolution rates under different reaction
conditions are compared in Figure 2A, where pristine BiFeO, shows limited activity in both pure H,O and
H,0/MeOH solutions. Pt substitution markedly increases hydrogen production under light irradiation,
confirming the effectiveness of electronic-state regulation in promoting photocatalytic activity. Additional
magnetic, electric polarization, and ultrasonic fields further increase the hydrogen evolution rate, while the
simultaneous implementation of multiple external fields produces the highest catalytic performance. The
enhancement is consistently observed in both reaction media, indicating that the cooperative effect is not
restricted to a specific solution environment. These results demonstrate that Pt substitution and multi-field
coupling operate synergistically to maximize photocatalytic hydrogen evolution.

The Pt-concentration dependence was further examined under L and L + M conditions [Supplementary
Figure 5]. Among the investigated compositions, 10Pt-BFO exhibits the highest H, evolution rates of 246.8 +
9.7 umol-g-h™" under L and 628.3 + 18.4 pmol-g*-h™ under L + M, whereas further increasing the nominal
Pt/Fe ratio to 15% decreases the corresponding rates to 191.6 + 8.5 and 398.7 + 14.9 umol-g™"-h", respectively.
The magnetic-field-induced enhancement increases from 34.6% for BFO to 90.4% for 5Pt-BFO and reaches a
maximum of 154.6% for 10Pt-BFO before decreasing to 108.1% for 15Pt-BFO. Therefore, 10Pt-BFO is
identified as the optimal composition among the Pt concentrations investigated in this work. Together with
the element-specific XMCD evidence obtained for 10Pt-BFO, this concentration-dependent magnetic
response supports the modulation of the orbital-spin-related electronic response by Pt concentration.

To exclude a dominant contribution from nonspecific magnetic-field-induced solution convection or mass-
transport enhancement, a non-magnetic counterpart catalyst, Zn,SnO,, was further examined under identical
photocatalytic conditions, as shown in Supplementary Figure 6. Zn,SnO, exhibits only a marginal change in
the H, evolution rate from 88.6 + 4.3 to 90.1 + 4.6 pmol-g"-h™" upon applying the magnetic field, whereas
BiFe(Pt)O, increases markedly from 246.8 + 9.7 to 628.3 + 18.4 pmol-g"-h™ under the same comparison. This
control result rules out a dominant contribution from nonspecific bulk mass-transport effects and supports a
catalyst-specific magnetic/spin-related contribution to the magnetic-field enhancement observed for
BiFe(Pt)O,. These results, together with the non-magnetic control experiment, demonstrate that Pt
substitution and multi-field coupling operate synergistically to maximize photocatalytic hydrogen evolution,
with the magnetic-field contribution mainly arising from catalyst-specific magnetic/spin-related regulation
rather than nonspecific bulk mass-transport effects.

The superior hydrogen evolution performance is accompanied by a significant improvement in photon
utilization efficiency under multi-field regulation. Apparent quantum yields measured at 420 nm are
summarized in Figure 2B, showing that BiFe(Pt)O, consistently achieves higher AQY values than pristine
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Figure 2. Photocatalytic hydrogen evolution performance of pristine BiFeO, and multi-field-assisted BiFeO, photocatalysts: (A) H,
evolution rates of pristine BiFeO, under light irradiation (BFO-L) and Pt-doped BiFeO, under different combinations of light irradiation (L),
magnetic field (M), electric polarization (P), and ultrasonic vibration (U), measured in pure H,O and H,0/MeOH solutions; (B) AQYs at
420 nm of different multi-field-assisted photocatalytic systems under H,0 and H,0/MeOH solutions; (C) Cycling stability of
photocatalytic H, evolution under light irradiation in pure H,O without external field; (D) Cycling stability of photocatalytic H, evolution
under light irradiation in H,0/MeOH solution without external field. The different colored segments represent independent hydrogen

production cycles. After each 5-hour irradiation, the reaction system was evacuated and purged with gas before starting the next cycle.
AQYs: Apparent quantum yields.

BiFeO, under identical irradiation conditions. Coupled external fields further increase the AQY in both pure
H,O and H,0/MeOH systems, indicating that a larger proportion of incident photons is effectively converted
into chemical energy. The performance enhancement follows the same trend as the hydrogen evolution rate,
confirming the strong correlation between catalytic activity and photon conversion efficiency. Higher AQY
values also suggest that the coupled-field strategy improves the utilization of photogenerated charge carriers
rather than merely increasing the reaction rate. These observations verify that the multi-field-responsive
photocatalytic system achieves efficient solar-energy conversion through cooperative regulation. To further
evaluate the overall solar-energy conversion performance, the solar-to-hydrogen (STH) conversion efficiency
was calculated under the optimal multi-field condition. In pure H,O, BiFe(Pt)O, achieves an STH efficiency
of 0.533%. For the H,O/MeOH system, in which methanol serves as a sacrificial reagent, the corresponding
apparent STH efficiency reaches 3.96%. The AQY at 420 nm therefore characterizes the wavelength-specitfic
photon utilization efficiency, whereas the STH value provides a complementary measure of the overall
energy-conversion performance under the applied irradiation conditions. To further benchmark the
hydrogen-evolution performance of the present system against representative BiFeO,-based photocatalysts, a
comparison of reported H, evolution rates is provided in Supplementary Table 2. Although the experimental
conditions differ among the reported studies, the comparison indicates that BiFe(Pt)O, exhibits competitive

hydrogen-evolution performance, particularly under multi-field coupling, highlighting the effectiveness of
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combining Pt-induced electronic-state regulation with external-field modulation.

The photocatalytic activity is maintained during repeated operation, confirming the robustness of the
BiFe(Pt)O, photocatalyst. Cycling tests performed in pure H,O and H,0/MeOH solutions without external
fields are presented in Figure 2C and D, respectively. Stable hydrogen evolution rates are preserved
throughout consecutive individual reaction cycles without noticeable performance decay in either reaction
medium. To evaluate cycling stability metrics, the H, evolution yield obtained in each cycle was compared
with that of the first cycle. After the fifth cycle, the H, evolution yield maintains 97.40% in pure H,O and
97.44% in H,0/MeOH solution, respectively. The absence of obvious deactivation indicates that Pt
substitution does not compromise the structural integrity or catalytic durability of BiFeO, during prolonged
photocatalysis. Consistent catalytic stability under different reaction environments further demonstrates the
reliability of the multi-field-responsive system for long-term operation. These results establish that
BiFe(Pt)O, simultaneously achieves high activity, high photon utilization efficiency, and excellent
operational stability, providing a solid experimental foundation for the subsequent investigation of charge-
transfer dynamics.

Charge-transfer dynamics and reactive-species evolution

Efficient separation and prolonged lifetime of photogenerated charge carriers are achieved after Pt
substitution, providing the fundamental origin of the enhanced photocatalytic activity. TRPL spectroscopy is
employed to evaluate carrier recombination dynamics, while electrochemical impedance spectroscopy (EIS)
is used to characterize interfacial charge-transfer resistance. Decay curves in Figure 3A exhibit a slower
photoluminescence decay for BiFe(Pt)O, than for pristine BiFeO,, indicating a prolonged carrier lifetime and
suppressed radiative recombination. The steady-state photoluminescence spectra in Supplementary Figure 7
show distinct PL characteristics for pristine BiFeO, and BiFe(Pt)O,, further demonstrating that Pt
incorporation effectively modulates the recombination behavior of photogenerated charge carriers. Nyquist
plots in Figure 3B display a significantly reduced semicircle diameter after Pt incorporation, demonstrating
lower charge-transfer resistance at the electrode-electrolyte interface. Bode phase fitting in Figure 3C further
reveals an extended electron lifetime, consistent with the impedance results and the photoluminescence
measurements. The corresponding frequency-dependent electrochemical response shown in Supplementary
Figure 8 further distinguishes pristine BiFeO, from BiFe(Pt)O,, providing additional evidence for the Pt-
induced regulation of interfacial charge-transfer kinetics. These observations suggest that Pt substitution
facilitates carrier separation and interfacial charge transport, establishing favorable electronic conditions for
efficient photocatalysis.

Charge migration is further strengthened under coupled external fields, demonstrating that the multi-field
strategy actively regulates carrier transport rather than merely enhancing catalytic output. Transient
photocurrent measurements are conducted to evaluate the separation and migration efficiency of
photogenerated charge carriers under different operating conditions. Photocurrent responses in Figure 3D
show that BiFe(Pt)O, produces a considerably higher photocurrent than pristine BiFeO, under light
irradiation, reflecting more efficient carrier extraction. The photocurrent responses in Figure 3E further
reveal enhancements in photocurrent under different multi-field-assisted conditions. The highest
photocurrent is obtained when all external fields are simultaneously applied, suggesting more efficient charge
separation and migration under the coupled-field conditions. To further clarify the individual contributions
of the external fields, dark transient photocurrent measurements were performed for pristine BiFeO,. As
shown in Supplementary Figure 9A, the photocurrent response varies with magnetic-field strength, while
Supplementary Figure 9B shows the corresponding response under different ultrasonic powers. In addition,
Supplementary Figure 9C compares the transient photocurrent responses of prepoled, unpoled, and reverse-
poled BiFeO,, revealing the influence of the ferroelectric polarization state on field-induced charge migration
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Figure 3. Photoelectrochemical properties and reactive oxygen species characterization of pristine BiFeO, and BiFe(Pt)O, photocatalysts:
(A) TRPL decay spectra; (B) EIS Nyquist plots; (C) Bode phase plots; (D) Transient photocurrent responses of pristine BiFeO,, and
BiFe(Pt)O, under light irradiation (L) with individual external field of magnetic field (M), electric polarization (P), or ultrasonic vibration
(U); (B) Transient photocurrent responses of BiFe(Pt)O, under different multi-field-assisted conditions; (F) ESR spectra of DMPO—*OH for
pristine BiFeO, and BiFe(Pt)O, under light irradiation; (G) ESR spectra of DMPO—*OH for BiFe(Pt)O, under different multi-field-assisted
conditions; (H) ESR spectra of DMPO—<0," for pristine BiFeO, and BiFe(Pt)O, under light irradiation; (1) ESR spectra of DMPO—+0," for
BiFe(Pt)O, under different multi-field-assisted conditions. TRPL: Time-resolved photoluminescence; EIS: electrochemical impedance
spectroscopy; ESR: electron spin resonance; DMPO: 5,5-dimethyl-1-pyrroline N-oxide.

even in the absence of light irradiation. To quantitatively distinguish the synergistic enhancement from a
simple additive effect of individual external fields, synergistic factors were calculated for both dual-field and
triple-field coupling conditions. For the pristine reaction system, the synergistic factors of
magnetic-polarization (M + P), polarization-ultrasonic (P + U), and magnetic-ultrasonic (M + U) coupling
are 1.68, 1.64, and 1.42, respectively, while the triple-field coupling exhibits a significantly higher synergistic
factor of 2.51. In the methanol-assisted system, the corresponding dual-field synergistic factors are 1.52, 1.76,
and 1.79, respectively, and the triple-field coupling reaches 2.30. All synergistic factors are higher than unity,
indicating that the enhanced photocatalytic response originates from cooperative interactions among the
coupled fields rather than a simple superposition of individual field effects. These results demonstrate that
coupled external fields cooperate with Pt-induced electronic-state regulation to maximize charge-transfer
efficiency. Together with the negligible magnetic-field response of the non-magnetic Zn,SnO, control
photocatalyst in photocatalytic H, evolution shown in Supplementary Figure 6, they further indicate that the
magnetic-field enhancement observed for BiFe(Pt)O, does not mainly originate from nonspecific solution

convection or bulk mass-transport effects.

Reactive oxygen species generated during photocatalysis are markedly promoted after Pt substitution,
indicating more efficient utilization of photogenerated carriers in surface redox reactions. Electron spin
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resonance (ESR) spectroscopy is performed to detect hydroxyl radicals («OH) and superoxide radicals (-O,),
providing direct evidence for photocatalytic reaction intermediates. Spectra in Figure 3F show that
BiFe(Pt)O, generates stronger 5,5-dimethyl-1-pyrroline N-oxide (DMPO)—OH signals than pristine BiFeO,
under light irradiation, suggesting enhanced hydroxyl radical generation. Signal intensities further increase
under coupled external fields, as illustrated in Figure 3G, confirming that multi-field regulation promotes
hydroxyl radical generation. Comparable behavior is observed for superoxide radicals, where Figure 3H and
I display significantly enhanced DMPO-+O, signals after Pt substitution and further amplification under
multi-field conditions. Additional ESR measurements under dark and individual external-field conditions
further clarify the field-dependent generation of reactive species. Supplementary Figure 10A and B compare
the DMPO--OH signals of pristine BiFeO, and BiFe(Pt)O,, respectively, under dark, magnetic-field, electric-
polarization, and ultrasonic-vibration conditions. Correspondingly, Supplementary Figure 10C and D
present the DMPO-+0O, signals of pristine BiFeO, and BiFe(Pt)O, under the same conditions. These results
provide complementary evidence for the regulation of both hydroxyl- and superoxide-radical generation by
the external fields and Pt modification. These ESR results suggest that the improved carrier dynamics are
associated with enhanced generation of reactive species during photocatalysis.

Charge-transfer regulation, carrier utilization, and reactive-species generation operate cooperatively to
explain the superior photocatalytic hydrogen evolution of BiFe(Pt)O,. Spectroscopic and electrochemical
characterization consistently demonstrate prolonged carrier lifetime, accelerated charge migration, and
reduced recombination after Pt substitution. Multi-field coupling further strengthens these processes by
enhancing carrier transport and increasing the generation of reactive intermediates. Strong agreement
between the carrier-dynamics measurements and the photocatalytic performance establishes a clear
structure-property relationship. These experimental observations are consistent with the proposed
orbital-spin synergistic regulation and provide supporting evidence for the descriptor interpretation
presented in the following explainable deep-learning investigation.

Explainable deep-learning interpretation of orbital-spin descriptors

An explainable deep-learning framework successfully establishes the quantitative relationship between
orbital-spin descriptors and the functional properties of BiFe(Pt)O,. A DNN combined with SHAP is
constructed to identify the dominant physical descriptors governing photocatalytic behavior. The workflow
illustrated in Figure 4A integrates orbital configuration, spin characteristics, substitution-site information,
and elemental descriptors into a unified prediction framework for band gap, piezoelectric response, and spin
polarization. Computational descriptors derived from DFT calculations are incorporated into the learning
process to capture the nonlinear interactions among different physical parameters. Explainable feature
attribution enables direct interpretation of descriptor contributions rather than treating the prediction model
as a black box. This framework provides a quantitative platform for revealing the intrinsic electronic factors
responsible for the superior photocatalytic performance of BiFe(Pt)O,.

Prediction results demonstrate that the trained deep-learning model can effectively reproduce the key
functional properties of transition-metal-doped BiFeO,. The DNN model was constructed using orbital-,
spin-, substitution-site-, and elemental descriptors as input features. Five-fold cross-validation was employed
to evaluate the predictive capability and generalization performance of the model. All prediction results
shown in Figure 4B-D were obtained using the same DNN architecture and training strategy described in the
Methods section. The SHAP contributions in Figure 4E-G were further calculated using this trained DNN
model, ensuring consistency between the prediction and interpretability. For band-gap prediction, the out-
of-fold predictions showed good agreement with the DFT-calculated values [Figure 4B], yielding an R* of
0.8268, an MAE of 0.1501, and an RMSE of 0.2035. Similarly, the model achieved an R* of 0.7901, an MAE of
0.0762, and an RMSE of 0.1016 for the piezoelectric tensor [Figure 4C]. For spin polarization, an R* of 0.8113,
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Figure 4. Machine learning framework and feature interpretation for predicting the properties of BiFeO;-based materials: (A) Schematic
illustration of the machine learning workflow for predicting material properties based on orbital, spin, site, and elemental descriptors; (B)
Comparison between the predicted and DFT-calculated band gaps obtained by five-fold cross-validation; (C) Comparison between the
predicted and DFT-calculated piezoelectric tensors obtained by five-fold cross-validation; (D) Comparison between the predicted and
DFT-calculated spin polarizations obtained by five-fold cross-validation; (E) SHAP summary plot illustrating the feature importance for
band gap prediction; (F) SHAP summary plot illustrating the feature importance for piezoelectric tensor prediction; (G) SHAP summary
plotillustrating the feature importance for spin polarization prediction. DFT: Density functional theory; SHAP: SHapley Additive
exPlanations.

an MAE of 0.1560, and an RMSE of 0.1923 were obtained [Figure 4D]. The consistently high predictive
performance across these distinct physical properties confirms that the model effectively captures the
nonlinear relationships among orbital, spin, structural, and elemental descriptors. These results establish the
reliability of the explainable deep-learning framework and provide a robust basis for subsequent descriptor
interpretation.

Feature-attribution examination reveals that orbital and spin descriptors dominate the prediction of
photocatalytic-related properties. The definitions and physical meanings of the key descriptors adopted as
input features for SHAP interpretability are summarized in Supplementary Table 3. SHAP investigation is
performed to quantify the contribution of individual descriptors to each predicted property and to identify
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the governing physical factors. The SHAP summary plot for band-gap prediction in Figure 4E highlights the
leading descriptors responsible for electronic-structure regulation. Descriptor importance for the
piezoelectric tensor is summarized in Figure 4F, demonstrating that lattice-related and electronic descriptors
jointly influence polarization behavior. The SHAP distribution for spin polarization in Figure 4G identifies
spin-associated descriptors as the primary contributors to magnetic characteristics, while orbital descriptors
provide complementary regulation through electronic hybridization. These findings demonstrate that orbital
configuration and spin characteristics cooperate to control the key functional properties relevant to
photocatalytic hydrogen evolution.

Explainable deep learning provides quantitative evidence linking descriptor importance to the enhanced
photocatalytic performance of BiFe(Pt)O,. Accurate prediction and interpretable feature attribution
consistently identify orbital-spin descriptors as the dominant variables governing electronic regulation. The
identified descriptor hierarchy indicates that the enhanced photocatalytic performance is closely associated
with specific orbital-spin characteristics rather than being determined by a single structural parameter.
Quantitative interpretation of these descriptor contributions further links the data-driven analysis to the
underlying electronic-structure features. These results provide a rational basis for further examining the
electronic origin of the enhanced photocatalytic performance and naturally motivate the DFT investigation
presented in the following section.

Orbital-spin synergy in electronic-state reconstruction

First-principles calculations guided by explainable machine learning reveal that orbital occupation and net
spin jointly determine the electronic-state reconstruction responsible for the superior photocatalytic
performance of BiFe(Pt)O,. DFT is employed to establish quantitative relationships between electronic
descriptors and functional properties, while machine-learning interpretation is used to identify the governing
variables. Orbital electron distributions and net-spin variations for elemental substitution at the A and B sites
are summarized in Figure 5A, demonstrating systematic evolution of the electronic configuration after
substitution. Correlation examination in Figure 5B shows that the fraction of 5d electrons exhibits a clear
relationship with the predicted band gap, piezoelectric tensor, and spin polarization, indicating that orbital
occupation simultaneously regulates multiple functional properties. Comparable trends are observed for the
net spin in Figure 5C, confirming that spin regulation cooperates with orbital reconstruction rather than
acting independently. The three-dimensional descriptor map in Figure 5D further illustrates the coupled
relationship among band gap, piezoelectric response, and spin polarization across different substitution
systems, providing quantitative evidence that orbital and spin descriptors constitute the fundamental driving
forces for electronic-state reconstruction. These results establish a general descriptor-level origin explaining
why Pt achieves the most balanced multifunctional regulation among all transition-metal dopants.

Electronic-structure calculations for the representative BiFe(Pt)O, system directly demonstrate the
microscopic origin of orbital-spin synergistic regulation. Total and partial density-of-states calculations are
performed to analyze the redistribution of electronic states near the Fermi level and the hybridization among
different atomic orbitals. The total density of states (TDOS) presented in Figure 6A reveals that Pt
substitution reconstructs the electronic states surrounding the Fermi level while preserving the
semiconducting character required for photocatalysis. Partial density-of-states examination in Figure 6B
shows pronounced hybridization among Pt 5d, Fe 3d, and O 2p orbitals, consistent with the Pt-centered local
structural/electronic reconstruction evidenced by Pt L ,-edge XANES and FT-EXAFS, and indicating
strengthened electronic coupling within the crystal lattice. Charge redistribution further confirms that
orbital-spin synergistic regulation extends from local electronic reconstruction to the overall photocatalytic
process. Charge-density calculations are conducted to visualize the spatial redistribution of electrons induced
by Pt substitution and to clarify its influence on carrier migration. Charge-density distributions in Figure 6C
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Figure 5. Machine learning-guided examination of elemental substitution effects on the electronic structure and functional properties of
BiFeO,: (A) Orbital electron distributions and net spin variations induced by elemental substitution at the A and B sites; (B) Correlations
between the 5d-electron fraction and the predicted band gap, piezoelectric tensor, and spin polarization; (C) Correlations between the net
spin and the predicted band gap, piezoelectric tensor, and spin polarization; (D) Three-dimensional relationship among the predicted band
gap, piezoelectric tensor, and spin polarization for elemental substitutions at the A and B sites.

exhibit pronounced electron accumulation and depletion around the Pt-centered coordination environment,
indicating enhanced electronic interaction and directional charge transfer between neighboring atoms.
Direct experimental evidence for Pt-induced atomic-scale spin redistribution is further provided by element-
specific X-ray absorption spectroscopy (XAS)/XMCD measurements. As shown in Figure 6D, both pristine
BiFeO, and BiFe(Pt)O, exhibit characteristic Fe L, -edge XAS features, whereas the XMCD response
becomes markedly stronger after Pt substitution. Specifically, the peak-to-peak Fe XMCD amplitude
increases from 0.0050 for pristine BiFeO, to 0.0088 for BiFe(Pt)O,, indicating enhanced Fe-centered spin
polarization. Moreover, distinct Pt L, .-edge XMCD signals are observed for BiFe(Pt)O, in Figure 6E, with
peak-to-peak amplitudes of 0.0036 at the Pt L, edge and 0.0030 at the Pt L, edge, directly evidencing spin-
polarized Pt 5d states. These XMCD results experimentally confirm that Pt substitution induces
simultaneous Pt-centered magnetic polarization and Fe-centered spin redistribution, in good agreement with
the DFT-predicted orbital-spin synergy. Enhanced orbital overlap promotes charge delocalization and
modifies the electronic transition pathway, providing a microscopic explanation for the experimentally
observed band-structure regulation and improved carrier transport. These electronic-structure
characteristics demonstrate that Pt substitution simultaneously optimizes orbital hybridization and spin-
related electronic interactions through cooperative reconstruction of the local electronic environment.
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Figure 6. Electronic structure examination and schematic illustration of the multi-field-enhanced photocatalytic pathway of BiFe(Pt)O;:
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The mechanistic illustration in Figure 6F integrates light irradiation, magnetic field, ferroelectric
polarization, and mechanical vibration into a unified multi-field-responsive photocatalytic framework, where
orbital reconstruction and spin regulation cooperatively accelerate charge separation, carrier migration, and
surface redox reactions. Strong agreement between the electronic-structure calculations and the experimental
observations confirms that the reconstructed electronic configuration provides the intrinsic origin of the
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multi-field-enhanced hydrogen evolution performance. These results demonstrate that Pt functions as an
effective electronic regulator that synchronizes orbital hybridization, spin polarization, and charge
redistribution within a unified microscopic mode.

DFT therefore provides the final theoretical verification for the orbital-spin synergistic electronic-state
reconstruction proposed in this work. Descriptor-level correlations, electronic-density-of-states examination,
charge-density distributions, and the integrated mechanistic model consistently support the same physical
picture. Orbital occupation governs electronic hybridization, whereas net spin regulates magnetic
interactions and carrier dynamics, and both factors cooperatively optimize the band structure and charge-
transfer behavior. Close agreement among computational screening, experimental characterization,
explainable deep learning, and first-principles calculations establishes a complete
structure-descriptor—electronic-state-performance relationship. This multiscale understanding explains the
exceptional photocatalytic hydrogen-evolution performance of BiFe(Pt)O, and provides a rational strategy
for designing high-performance multi-field-responsive photocatalysts through orbital-spin synergistic
regulation.

CONCLUSIONS

We demonstrate that orbital-spin synergy governs electronic-state reconstruction in Pt-doped BiFeO,
through the integration of explainable deep learning, first-principles calculations, and experimental
validation. Orbital-spin synergy reconstructs the electronic configuration through Pt 5d-Fe 3d-O 2p
hybridization and spin redistribution, thereby promoting charge separation, carrier migration, and interfacial
redox kinetics under coupled external fields. This work establishes orbital-spin synergy as the fundamental
principle of electronic-state engineering and provides a unified descriptor-electronic-state-performance
relationship for efficient photocatalytic hydrogen evolution. Pt-doped BiFeO, is identified by multi-objective
DFT screening and experimentally verified to preserve lattice integrity while simultaneously optimizing the
electronic structure, ferroelectric polarization, and local chemical environment. Pt-doped BiFeO, achieves
superior photocatalytic hydrogen evolution with prolonged carrier lifetime, reduced charge-transfer
resistance, enhanced reactive-species generation, outstanding cycling stability, and remarkable multi-field
responsiveness. Strong agreement among computational screening, explainable deep learning, first-
principles calculations, and experimental observations demonstrates the reliability and predictive capability
of the integrated computational-experimental framework. This strategy offers a more comprehensive route
for precise electronic-state regulation than conventional single-property optimization and provides new
guidance for rational photocatalyst design toward efficient solar-to-hydrogen energy conversion.
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