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Abstract

The search for efficient photocatalysts for sustainable hydrogen production has driven
growing interest in barium titanate (BaTiO3)-based materials, particularly through poly-
morph control, surface engineering, and nonmetal and transition-metal doping. In this
work, we provide an atomic-scale understanding of structural modifications in nitrogen-,
fluorine-, and rhodium-doped BaTiO3 using Density Functional Theory (DFT), as well as
pristine and fluorine-substituted BaTiO3 using reactive force-field molecular dynamics
(ReaxFF-MD) simulations. DFT results for pristine and doped tetragonal BaTiO3, as well
as pristine hexagonal BaTiO3, reveal that nitrogen and rhodium substitutions enhance the
covalent character of Ti-N and Rh-O bonds and promote the redistribution of electron
density, as evidenced by noncovalent interaction (NCI) and critical point (QTAIM) analyses,
whereas fluorine substitution leads to more ionic Ti-F bonding. ReaxFF-MD simulations
of pristine and fluorine-substituted BaTiO3 in contact with water molecules demonstrate
that fluorine substitution suppresses interfacial O-H bond formation and promotes ordered
molecular hydration layers near titanium sites, as reflected in bond statistics and radial
distribution functions. This study provides molecular insights into the role of N, F, and Rh
doping in BaTiO3 using DFT, and the role of fluorine doping in BaTiO3 at the water–solid
interface using ReaxFF-MD simulations, demonstrating that this integrated computational
approach provides a solid basis for the rational design of next-generation materials for
energy-related applications. Direct calculations of photocatalytic activity, charge transfer
rates, and ferroelectric polarization effects were not performed in this work and remain
important directions for future study.

Keywords: photocatalytic water splitting; barium titanate; doping; atomistic study;
surface-water interaction
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1. Introduction
The urgent global demand for sustainable and carbon-neutral energy technologies has

intensified research into photocatalytic water splitting as a viable route for clean hydrogen
production and environmental remediation [1–3]. By mimicking natural photosynthe-
sis, photocatalytic systems utilize solar energy to split water into hydrogen and oxygen,
offering a promising pathway toward zero-emission energy cycles. However, the prac-
tical realization of efficient photocatalytic water splitting remains challenging, requiring
materials that simultaneously exhibit strong light absorption, efficient charge separation
and transport, chemical stability in aqueous environments, and scalability for real-world
applications [4–16].

Among oxide-based photocatalysts, barium titanate (BaTiO3), a prototypical per-
ovskite material, has attracted considerable attention due to its chemical robustness, and
tunable electronic structure [14–27]. Nevertheless, pristine BaTiO3 is limited by its rela-
tively wide band gap, which restricts efficient utilization of visible light and constrains its
photocatalytic performance under solar irradiation [27–32].

To overcome these limitations, extensive efforts have been devoted to band struc-
ture engineering of BaTiO3 through surface modification and elemental doping [33–43].
Importantly, the photocatalytic response of doped BaTiO3 is highly sensitive to dopant
chemistry, substitution site, and local coordination environment, underscoring the need
for atomistic-level understanding. Beyond this, the interaction between water molecules
and BaTiO3 surfaces plays an important role in governing photocatalytic efficiency [44–50].
Experimental and theoretical studies have shown that water can adsorb molecularly or
dissociatively on BaTiO3 surfaces, with surface oxygen and titanium sites acting as key
reactive centers.

Despite significant progress, a comprehensive atomic-scale picture of how different
dopants simultaneously affect BaTiO3 surface structure, electronic properties, and dynamic
water behavior remains incomplete [51]. Our recent comprehensive review of atomistic
studies on BaTiO3 photocatalysts [51] identified that among the various doping strate-
gies reported in the literature, nonmetal doping with nitrogen and fluorine, as well as
transition-metal doping with rhodium, represent particularly promising yet underexplored
avenues for enhancing photocatalytic water-splitting performance. Nitrogen doping has
been shown to narrow the bandgap of BaTiO3 by introducing localized N 2p states that
hybridize with O 2p orbitals [51–53]. Fluorine doping, by contrast, offers a distinct passiva-
tion effect due to its high electronegativity, potentially stabilizing surface terminations and
modifying surface acidity without introducing deep-level recombination centers [51–54].
Rhodium doping, as a transition-metal substitution at Ti sites, can introduce intermediate
oxidation states (Rh3+/Rh4+) [51–56]. While other dopants (e.g., C, S, Se, La, Mo, Ir) have
been studied to varying degrees, the distinct and complementary mechanisms of N, F,
and Rh, spanning bandgap engineering and surface passivation, make them scientifically
compelling candidates for systematic comparative investigation. Most previous computa-
tional studies have focused either on static electronic properties under vacuum conditions
or on isolated dopant effects, often neglecting the complex and dynamic nature of the
solid–liquid interface [56–63].

In this work, we address these gaps by combining Density Functional Theory (DFT)
calculations with reactive force-field molecular dynamics (ReaxFF-MD) simulations to
investigate doped BaTiO3 surfaces. The molecular dynamic simulations reliably reflect
the structural and thermodynamic baseline established by the static DFT analyses. Herein,
dopant incorporation was primarily considered at Ti and O lattice sites. While A-site (Ba-
site) doping can also influence material properties, its effects are generally more indirect
and were therefore beyond the scope of the present study. In addition to tetragonal BaTiO3,
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the hexagonal phase was considered as a reference to evaluate intrinsic phase-dependent
differences in structural and electronic properties. This comparison allows for clearer
separation of the effects arising from crystal phase and those induced by doping, thereby
providing a more comprehensive understanding of structure–property relationships.

The primary scope of the present study is therefore to provide atomic-scale insights
into molecular-level interactions and interfacial dynamics between doped BaTiO3 surfaces
and water, rather than to compute bulk electronic properties such as band structures,
density of states, or band edge positions. While the latter are undoubtedly important for
photocatalytic performance and have been extensively reported for pristine and Rh-doped
BaTiO3 in our previous work [64] and reviewed comprehensively by [51], the present work
focuses uniquely on the interplay of local bonding topology in nitrogen-, fluorine-, and
rhodium-doped BaTiO3 using DFT, and dynamic water–surface interactions in pristine and
fluorine-substituted BaTiO3 using ReaxFF-MD simulations. Importantly, the present study
does not directly calculate photocatalytic activity metrics (e.g., hydrogen evolution rates,
quantum efficiencies, or charge carrier mobilities). Rather, our focus is on static electronic
structure modifications induced by doping (DFT) and dynamic water–surface interactions
(ReaxFF-MD) as foundational inputs for future photocatalytic modeling.

2. Materials and Methods
2.1. System of Interest

The BaTiO3 theoretical model used in this work was adopted from the previously
optimized and validated structure reported by [8,14,34,64]. Based on this reference model,
five BaTiO3-based systems were constructed for DFT calculations: (i) pristine tetragonal
BaTiO3, (ii) F-doped tetragonal BaTiO3, (iii) N-doped tetragonal BaTiO3, (iv) Rh-doped
tetragonal BaTiO3, and (v) pristine hexagonal BaTiO3 (Figures 1 and 2).

 
(a) (b) 

Figure 1. The 3D structures of aqueous barium titanate systems: (a) pristine tetragonal BaTiO3 and
(b) tetragonal BaTiO3 featuring four oxygen atom substitutions by fluorine (higher local dopant
density than the DFT single-substitution models; see Section 2.3 for discussion of this methodological
distinction). Atom colors are assigned as follows: Ba (green), Ti (grey), O (red), H (light grey), and
F (blue).

For surface-based simulations, a TiO2-terminated (001) slab was employed, as this
surface is the most energetically stable and widely reported as the most relevant for
photocatalytic water-splitting reactions, consistent with previous studies [64].

A 2 × 2 × 2 supercell (8 formula units of BaTiO3, 40 atoms total) was constructed from
the optimized tetragonal unit cell (a = b = 3.994 Å, c = 4.034 Å). A single substitution per
supercell was used for all dopants, corresponding to the following concentrations: (i) N-
doping (1 O → N): 0.75 wt% (4.2 at% of the O sublattice), (ii) F-doping (1 O → F): 1.0 wt%
(4.2 at% of the O sublattice), and (iii) Rh-doping (1 Ti → Rh): 5.4 wt% (12.5 at% of the Ti
sublattice). This concentration has been successfully employed in prior computational
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studies of doped perovskite photocatalysts and provides a reasonable balance between
computational tractability and experimental relevance [35–40,52–54].

Figure 2. The 3D optimized structures of (a) tetragonal BaTiO3, (b) tetragonal BaTiO3 doped with
fluoride, (c) tetragonal BaTiO3 doped with nitrogen, (d) tetragonal BaTiO3 doped with rhodium,
and (e) hexagonal BaTiO3. Color key: dark orange (barium); grey (titanium); red (oxygen); white-
green (fluoride); blue (nitrogen); dark green (rhodium). DFT calculations were performed using a
2 × 2 × 2 supercell.

Moreover, we note an important methodological distinction between the DFT and
ReaxFF-MD models for fluorine-doped BaTiO3. The DFT calculations employed a single
oxygen substitution per 2 × 2 × 2 supercell, whereas the ReaxFF-MD simulations utilized
four oxygen substitutions in a comparable supercell to enhance statistical sampling of
interfacial phenomena within the computationally demanding explicit-water environment.
This difference in dopant density means that the observed suppression of O–H bond
formation in the ReaxFF-MD trajectories reflects the combined effects of fluorine chemistry
and a higher local density of substitution sites. The present ReaxFF-MD results should
therefore be interpreted as demonstrating a trend (suppression of surface hydroxylation
upon fluorine incorporation) rather than providing a direct quantitative comparison with
the DFT single-substitution case. Future simulations using systematically varied dopant
concentrations are needed to deconvolute chemical versus concentration effects.

For ReaxFF-MD simulations, a TiO2-terminated (001) slab was cleaved from the op-
timized tetragonal BaTiO3 bulk structure. A 4 × 4 in-plane supercell (relative to the
primitive 1 × 1 surface cell) was constructed, yielding lateral dimensions of approxi-
mately 15.98 × 15.98 Å2. The slab contained 6 atomic layers (thickness ~12 Å), with the
bottom two layers constrained to bulk positions to mimic a semi-infinite substrate. A
15 Å vacuum gap was added above the surface, followed by 880 explicit water molecules
(density ≈ 1.0 g/cm3, water layer thickness ≈ 25 Å). The total simulation cell dimensions
were Lx = 15.98 Å, Ly = 15.98 Å, Lz = 52.00 Å.
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To account for dynamic water–surface interactions under realistic conditions, ReaxFF-
MD simulations were conducted for pristine and F-doped tetragonal BaTiO3 in the presence
of explicit water molecules.

Quantitative water adsorption energies and free energy profiles for molecular versus
dissociative adsorption are not reported in this work, as the present DFT calculations are
cluster-based (Gaussian16) rather than plane-wave (VASP), and the ReaxFF-MD simulations
did not incorporate enhanced sampling techniques (e.g., PLUMED). Such calculations
are planned for future studies using machine learning potentials interfaced with VASP
and LAMMPS.

Moreover, because the present DFT calculations are performed using cluster-based
Gaussian16 (rather than periodic plane-wave VASP), we do not report bulk band structures,
DOS/PDOS, or band edge positions. These properties for pristine and Rh-doped BaTiO3

have been reported previously by our group [64], and a broader review of electronic struc-
ture calculations for doped BaTiO3 photocatalysts is available in Abuova et al. [51] work.

2.2. DFT Calculations

All DFT models investigated in this study were previously fully optimized using the
Vienna Ab initio Simulation Package version 5.4.4 (VASP 5.4.4) [64], as reported in our
earlier works and validated against structures from the Materials Project database. To
verify the dynamical stability of the optimized structures, frequency calculations were
performed using the Gaussian16 package (version 16) [65] and visualized with GaussView
6.0 [66]. All vibrational frequencies were confirmed to be converged, with no imaginary
modes observed.

All DFT calculations in this work were carried out using the screened hybrid
HSEH1PBE functional, which provides an improved description of electronic exchange-
correlation effects compared to standard GGA functionals and is widely used for transition-
metal oxide systems. The def2-TZVP basis set was employed for all atoms, offering a
reliable balance between computational cost and accuracy for structural and electronic
analyses. The initial geometries of all BaTiO3-based systems were adopted from previously
optimized and validated structures reported by Inerbaev et al. [64]. In the present study,
these structures were further subjected to vibrational frequency calculations to confirm their
dynamical stability; all systems exhibited fully converged frequencies with no imaginary
modes, indicating true local minima on the potential energy surface.

For pristine, F-doped, and N-doped systems, a spin-restricted formalism was applied.
In contrast, Rh-doped systems were treated using a spin-unrestricted approach to accurately
capture the open-shell electronic configuration of the transition-metal dopant. Tight self-
consistent field convergence criteria and Fermi smearing were applied to ensure numerical
stability and reliable electronic structure characterization.

DFT calculation outputs were subsequently employed for optimized structural anal-
ysis, Mulliken charge analysis, RDG, NCI analysis, and CP analysis using the Multiwfn
(version 3.7) software [67] and VMD (version 1.9.1) software [68]. Mulliken charge analysis
is employed here as a qualitative tool for comparing relative charge distributions across
different dopant systems. We caution that absolute charge values are basis-set-dependent
and should not be overinterpreted as formal oxidation states. The latter are more reliably
determined from complementary analyses such as Bader charges or X-ray absorption
near-edge structure (XANES) simulations, which are beyond the scope of the present work.

2.3. Reactive Molecular Dynamics Simulations

All ReaxFF-MD simulations were performed using LAMMPS (version 23 June
2022) [69]. The key simulation parameters are detailed below to ensure reproducibil-
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ity. Two simulation cells were considered: a tetragonal BaTiO3 slab in contact with liquid
water (System 1), and an analogous slab in which four lattice oxygen sites were replaced
by fluorine (System 2, denoted “F-substituted BaTiO3”). Figure 1 shows representative all-
atom reactive molecular dynamics snapshots for (a) tetragonal BaTiO3 in water and (b) the
model with four oxygen sites substituted by fluorine in water. The interatomic interactions
were defined via pair_style reaxff, and atomic charges were dynamically updated using the
fix qeq/reaxff equilibration scheme. We employed the barium titanate parameterization
developed by Akbarian et al. (2021) [70].

Prior to production MD, the system was energy-minimized using a conjugate gradient
algorithm with convergence criteria of 1.0 × 10−8 (energy tolerance) and 1.0 × 10−10 (force
tolerance). A Verlet neighbor list with a cutoff distance of 2.0 Å beyond the ReaxFF inter-
action cutoff was employed. The neighbor list was rebuilt every timestep (neigh_modify
delay 0 every 1 check yes) to ensure accuracy given the reactive nature of the force field. The
velocity-Verlet integration algorithm was used with a fixed timestep of 1.0 fs, selected to
resolve high-frequency O–H vibrational modes (characteristic period ~10 fs). Temperature
was maintained at 300 K using a Nosé–Hoover thermostat with a damping parameter of
100.0 fs. A total of 10,000,000 MD steps were performed, corresponding to 10 ns of simula-
tion time. The trajectory was saved every 10,000 steps (10 ps) in LAMMPS custom dump
format. The fix qeq/reaxff charge equilibration scheme was applied every timestep with a
convergence tolerance of 1.0 × 10−6 e. Three-dimensional periodic boundary conditions
were applied. The bottom two atomic layers of the BaTiO3 slab were fixed using the setforce
command (zeroing forces in all directions), and their velocities were set to zero to mimic
a semi-infinite bulk substrate. A relaxation protocol consisting of energy minimization
followed by NVT dynamics at 300 K controlled by Nosé–Hoover thermostat was used to
obtain equilibrated interfacial structures for a total simulation time of 10 ns.

Structural and dynamical properties were analyzed using time-averaged trajectories
over the equilibrated simulation window. Key analysis metrics included the evolution of
atomic charges (via ReaxFF charge equilibration), RDFs to characterize interfacial structure,
and qualitative assessment of water adsorption and dissociation events at the surface. All
analyses were performed using standard LAMMPS post-processing tools and in-house
scripts to ensure reproducibility (see Supplementary Materials).

It should be noted that ReaxFF-MD simulations for N- and Rh-doped BaTiO3 could
not be performed due to the lack of reliable force field parameters for nitrogen and rhodium
within the BaTiO3 lattice environment; attempts for N-doping led to severe instabilities,
while Rh parameters are entirely absent in the current force field [70]. Moreover, this
ReaxFF approach has demonstrated strong performance in modeling complex interfacial
phenomena, including polymer electrolyte membrane fuel cell, and wastewater treatment
applications [71,72]. Future work will focus on computing water adsorption energies and
reaction free energies for different dopants and surface terminations using plane-wave DFT
and enhanced sampling molecular dynamics. To analyze the electronic state of the system,
average per-atom charges for Ba, Ti, lattice oxygen, and water species were monitored
using group-averaged variables.

Bonds were identified based on distance cutoffs determined from the first minimum of
the radial distribution function (RDF) for each atomic pair (see Supplementary Materials),
calculated over the equilibrated trajectory (last 8 ns). A bond was considered ‘formed’
when the interatomic distance remained below the cutoff for at least three consecutive
timesteps (3 fs) to exclude transient fluctuations. RDFs were averaged over the production
trajectory (8 ns) and over all symmetry-equivalent atomic pairs.
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3. Results and Discussion
3.1. DFT Calculation Results
3.1.1. Optimized Structures

Figure 2 and Table 1 present the three-dimensional geometries and optimized struc-
tural parameters of pristine and doped BaTiO3 systems, highlighting the structural re-
sponses of the lattice to anion (N, F) and cation (Rh) substitutions. All DFT-optimized
structures are dynamically stable, with no imaginary vibrational modes observed.

Table 1. Optimized structural parameters for pristine tetragonal BaTiO3, N-doped, F-doped, Rh-
doped tetragonal BaTiO3, and pristine hexagonal BaTiO3. Bond lengths (Å) and bond angles (deg)
are averaged values from extracted optimized coordinates.

System Space Group Avg. Ti–O (Å) Avg. Ti–X (Å)
(X = N, F, Rh) Avg. Ba–O (Å)

Key Bond Angles
(Deg)

Key Structural
Features

Pristine
Tetragonal
BaTiO3

P4mm 1.97 - 2.82 O–Ti–O: 88.5–91.5
Slight tetragonal
distortion; Ti
off-center

N-doped
Tetragonal
BaTiO3

P4mm 1.97 Ti–N: 2.09 2.81 O–Ti–O: 87.8–92.2;
N–Ti–O: 84.5–95.5

Localized distortion
at N site

F-doped
Tetragonal
BaTiO3

P4mm 1.98 Ti–F: 1.94 2.82 O–Ti–O: 88.2–91.8;
F–Ti–O: 86.5–93.5

Minimal distortion;
high ionic character

Rh-doped
Tetragonal
BaTiO3

P4mm 1.97 (Ti–O) Rh–O: 2.01 2.83 O–Rh–O: 86.5–93.5;
O–Ti–O: 88.0–92.0

Octahedral
expansion at Rh site

Hexagonal
BaTiO3

P63/mmc 1.96 - 2.84

O–Ti–O: 85.0–95.0
(face-sharing);
88.0–92.0
(corner-sharing)

Alternating
face/corner-sharing
TiO6

Pristine tetragonal BaTiO3 (Figure 2a, Table 1) preserves the characteristic perovskite
framework, where Ti atoms occupy the centers of slightly distorted TiO6 octahedra and Ba
atoms are coordinated by surrounding oxygen atoms. The calculated Ti-O bonds average
1.97 Å with O-Ti-O angles of 88.5–91.5◦, consistent with experimental values and confirming
the slight tetragonal distortion associated with ferroelectric behavior [64].

Fluorine-doped tetragonal BaTiO3 (Figure 2b, Table 1) involves substitution of lattice
oxygen by fluorine. Due to the similar ionic radii of F− and O2−, the overall perovskite
framework remains intact. The Ti-F bond shortens to 1.94 Å with minimal angular deviation
(F-Ti-O: 86.5–93.5◦), reflecting ionic passivation and only localized distortions.

Nitrogen-doped tetragonal BaTiO3 (Figure 2c, Table 1) exhibits more pronounced
local distortions compared to fluorine substitution. The lower electronegativity and
different bonding characteristics of nitrogen result in an elongated Ti-N bond (2.09 Å)
and angular distortion (N-Ti-O: 84.5–95.5◦), indicating increased covalent character and
asymmetric coordination.

Rhodium-doped tetragonal BaTiO3 (Figure 2d, Table 1) substitutes a Ti atom with
Rh. The difference in ionic size and valence between Rh and Ti induces noticeable lattice
relaxation, with Rh-O bonds lengthened to 2.01 Å and octahedral angles expanded to
86.5–93.5◦. These features are consistent with intermediate Rh3+/Rh4+ oxidation states and
strong dopant–lattice coupling.

Hexagonal BaTiO3 (Figure 2e, Table 1) exhibits a distinct stacking arrangement com-
pared to the tetragonal phase, with alternating face-sharing and corner-sharing TiO6 oc-
tahedra reflected in O-Ti-O angles ranging from 85.0◦ to 95.0◦. This structural diversity
provides an alternative platform for tuning surface and electronic properties.
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3.1.2. Noncovalent Interactions

The reduced density gradient (RDG) analysis provides valuable insight into the
nature and strength of noncovalent interactions (NCIs) present in pristine and doped
BaTiO3 structures (Figure 3). For pristine tetragonal BaTiO3 (Figure 3a), the RDG iso-
surfaces primarily indicate weak van der Waals interactions distributed around the Ti-O
octahedra and Ba-O coordination environment. These interactions reflect the intrinsic
ionic-covalent balance of the perovskite lattice and serve as a reference for evaluating
dopant-induced modifications.

Figure 3. RDG of (a) tetragonal BaTiO3, (b) tetragonal BaTiO3 doped with fluoride, (c) tetragonal
BaTiO3 doped with nitrogen, (d) tetragonal BaTiO3 doped with rhodium, and (e) hexagonal BaTiO3.

Upon fluorine substitution (Figure 3b), noticeable changes in the RDG features emerge
near the substituted sites. The appearance of localized regions with altered RDG signatures
suggests modification of weak interactions surrounding Ti-F bonds compared to Ti-O
bonds. This reflects fluorine’s higher electronegativity, which redistributes electron density
and weakens local attractive interactions.

In the nitrogen-doped BaTiO3 system (Figure 3c), the RDG plots show more pro-
nounced features associated with stronger attractive interactions. Nitrogen substitution
introduces localized electronic perturbations that enhance directional interactions between
Ti and neighboring anions. These features are consistent with partial covalent character in
Ti-N bonding.

The rhodium-doped structure (Figure 3d) exhibits distinct RDG signatures around
the Rh-centered octahedron. Stronger attractive interactions are observed between Rh and
surrounding oxygen atoms, indicating significant metal–oxygen hybridization.

Hexagonal BaTiO3 (Figure 3e) displays a more heterogeneous RDG distribution com-
pared to the tetragonal phase, reflecting its distinct stacking sequence and coordination
environments. The presence of varied weak and intermediate interactions highlights the
structural flexibility of the hexagonal polymorph.

The NCI visualization further elucidates the spatial distribution and nature of weak
interactions governing the stability and reactivity of pristine and doped BaTiO3 systems
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(Figure 4). In pristine tetragonal BaTiO3 (Figure 4a), NCI isosurfaces are mainly associated
with weak dispersive interactions between Ba and surrounding oxygen atoms, consistent
with the predominantly ionic Ba-O coordination. These interactions contribute to lattice
stabilization but do not introduce strong directional bonding features.

Figure 4. NCIs of (a) tetragonal BaTiO3, (b) tetragonal BaTiO3 doped with fluoride, (c) tetragonal
BaTiO3 doped with nitrogen, (d) tetragonal BaTiO3 doped with rhodium, and (e) hexagonal BaTiO3.
Color key of atoms: dark orange (barium); grey (titanium); red (oxygen); light violet (fluoride); blue
(nitrogen); dark violet (rhodium). Color scheme of NCI (isosurface): blue (strong attraction), green
(van der Waals interaction), and red (strong repulsion). Various colored lines are bonds of atoms.
DFT calculations were performed using a 2 × 2 × 2 supercell.

Fluorine-doped BaTiO3 (Figure 4b) exhibits a redistribution of NCI regions near the
substituted fluorine atoms. The reduced intensity of attractive NCI features around these
sites suggests weakened hydrogen-bonding capability. This observation supports the role
of fluorine as a passivating dopant that stabilizes the lattice while limiting chemically active
noncovalent interactions.

In the nitrogen-doped structure (Figure 4c), enhanced NCI features are observed near
Ti-N linkages, indicating stronger attractive interactions compared to the fluorine-doped
case. These regions suggest increased electronic localization and potential active sites
for molecular adsorption. The presence of stronger noncovalent interactions aligns with
nitrogen’s ability to modify local electronic structure and promote surface reactivity.

The rhodium-doped BaTiO3 system (Figure 4d) displays the most pronounced NCI
features, particularly around the Rh-O coordination environment. The dense and localized
attractive regions indicate strong dopant–lattice coupling.

In contrast, hexagonal BaTiO3 (Figure 4e) shows a broader distribution of NCI features,
reflecting its more complex coordination network. The coexistence of weak and moderate
interactions suggests a structurally adaptable surface capable of accommodating adsorbates
through multiple interaction modes.

The NCI analysis highlights how dopant chemistry and crystal phase synergistically
tune weak interactions, providing an atomistic foundation for understanding the photocat-
alytic behavior of BaTiO3-based materials.
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3.1.3. Critical Points

Critical point (CP) analysis based on the quantum theory of atoms in molecules
(QTAIM) provides quantitative insight into the bonding characteristics and electron density
distribution in pristine and doped BaTiO3 systems (Figure 5, Table 2).

Figure 5. CPs of (a) tetragonal BaTiO3, (b) tetragonal BaTiO3 doped with fluoride, (c) tetragonal
BaTiO3 doped with nitrogen, (d) tetragonal BaTiO3 doped with rhodium, and (e) hexagonal BaTiO3.
Color key of atoms: grey (barium); violet (titanium); red (oxygen); orange (fluoride); blue (nitrogen);
light green (rhodium). The yellow indicate bond critical point (BCP) paths between atoms. DFT
calculations were performed using a 2 × 2 × 2 supercell.

Table 2. QTAIM bond critical point (BCP) descriptors for pristine and doped BaTiO3 systems. Electron
density ρ(r) (in a.u.) and Laplacian of electron density ∇2ρ(r) (in a.u.) are reported at bond critical
points (CP Type 3,-1) extracted from Multiwfn analysis of Gaussian16 wavefunction files. Values are
system-specific and bond-specific.

System Bond Type ρ(r) (a.u.) ∇2ρ(r) (a.u.) Bond Character

Pristine Tetragonal
BaTiO3

Ti-O 0.143–0.1823 −0.303 × 106 to −0.399 × 106 Mixed covalent-ionic

Ba-O 0.0125–0.0189 +0.045 to +0.092 Ionic (positive Laplacian)
N-doped Tetragonal

BaTiO3
Ti-N 0.1682–0.1957 −0.352 × 106 to −0.421 × 106 Enhanced covalent (vs. Ti-O)

Ti-O 0.1389–0.1765 −0.298 × 106 to −0.388 × 106 Slightly reduced vs. pristine
F-doped Tetragonal

BaTiO3
Ti-F 0.1124–0.1456 −0.241 × 106 to −0.319 × 106 More ionic (lower ρ, less

negative ∇2)
Ti-O 0.1428–0.1810 −0.302 × 106 to −0.397 × 106 Comparable to pristine

Rh-doped Tetragonal
BaTiO3

Rh-O 0.1587–0.1893 −0.341 × 106 to −0.408 × 106 Strong covalent coupling

Ti-O 0.1412–0.1798 −0.300 × 106 to −0.394 × 106 Slightly perturbed
Hexagonal BaTiO3 Ti-O (face sharing) 0.0987–0.1356 −0.210 × 106 to −0.289 × 106 Weaker than tetragonal

Ti-O (corner sharing) 0.1452–0.1835 −0.311 × 106 to −0.402 × 106 Comparable to tetragonal
Ba-O 0.0102–0.0158 +0.038 to +0.078 Ionic, heterogeneous
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Herein, Figure 5 presents the distribution of CPs for pristine and doped BaTiO3

systems, with quantitative BCP descriptors summarized in Table 2.
In pristine tetragonal BaTiO3 (Figure 5a, Table 2), BCPs are clearly observed along

Ti-O and Ba-O interactions. Ti-O BCPs exhibit ρ(r) = 0.143–0.182 a.u. with negative
Laplacian values (−0.303 × 106 to −0.399 × 106 a.u.), indicating partial covalent character
superimposed on an ionic framework. Ba-O interactions show lower electron density
(ρ(r) = 0.012–0.019 a.u.) and positive Laplacian values (+0.045 to +0.092 a.u.), consistent
with predominantly ionic bonding.

In the fluorine-doped BaTiO3 structure (Figure 5b, Table 2), replacement of oxygen
by fluorine leads to distinct changes in the local topological features. Ti-F BCPs display
reduced electron density (ρ(r) = 0.112–0.146 a.u.) and less negative Laplacian values
(−0.241 × 106 to −0.319 × 106 a.u.) compared to pristine Ti-O bonds. This reflects the
stronger electronegativity of fluorine and a more polarized, ionic bonding nature. Addi-
tionally, subtle shifts in nearby BCPs suggest a charge density redistribution within the
TiO6 octahedra.

Nitrogen doping (Figure 5c, Table 2) introduces more pronounced modifications in
the CP topology. Ti-N BCPs exhibit increased electron density (ρ(r) = 0.168–0.196 a.u.) and
more negative Laplacian values (−0.352 × 106 to −0.421 × 106 a.u.) relative to pristine
Ti-O, indicating enhanced covalent character. This behavior supports the formation of
electronically active sites and is consistent with the RDG and NCI analyses showing
stronger local interactions.

Rhodium substitution at the Ti site (Figure 5d, Table 2) produces significant topo-
logical changes in the electron density distribution. Rh-O BCPs exhibit elevated electron
density (ρ(r) = 0.159–0.189 a.u.) with strongly negative Laplacian values (−0.341 × 106 to
−0.408 × 106 a.u.), suggesting strong metal-oxygen hybridization. These features reflect
substantial dopant-lattice coupling, which can introduce localized electronic states and
enhance catalytic activity.

Finally, the hexagonal BaTiO3 structure (Figure 5e, Table 2) exhibits a more com-
plex network of critical points due to its distinct stacking and coordination environment.
Two distinct Ti-O BCP types are observed: face-sharing octahedra show weaker bonding
(ρ(r) = 0.099–0.136 a.u., ∇2ρ(r) = −0.210 × 106 to −0.289 × 106 a.u.), while corner-sharing
octahedra exhibit stronger bonding (ρ(r) = 0.145–0.184 a.u., ∇2ρ(r) = −0.311 × 106 to
−0.402 × 106 a.u.) comparable to tetragonal BaTiO3. Ba-O interactions (ρ(r) = 0.010–0.016 a.u.,
positive Laplacian) remain ionic. The coexistence of multiple BCP types highlights struc-
tural heterogeneity and varied bonding interactions, underscoring the flexibility of the
hexagonal phase for tuning photocatalytic properties.

3.1.4. Mulliken Charges

Figure 6 presents Mulliken charge distributions for pristine and doped BaTiO3 sys-
tems (charge range: −1.82 to +1.82 e). While Mulliken charges are basis-set dependent
and provide only qualitative or semi-quantitative trends in charge redistribution rather
than absolute oxidation states, they offer useful insights into relative dopant-induced
electronic perturbations.

In pristine tetragonal BaTiO3, Ba atoms exhibit charges of approximately +1.52 to
+1.65 e, Ti shows +1.35 to +1.48 e, while O atoms range from −1.05 to −1.18 e. These values
reflect mixed ionic-covalent bonding, though the magnitude of charge transfer should be
interpreted with caution due to the well-known sensitivity of Mulliken populations to the
chosen basis set.

Replacement of O2− by F− introduces a formal charge deficit, as F− carries one less
negative charge than O2−. The calculated Mulliken charge of F is approximately −0.95 to
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−1.10 e, with adjacent Ti showing reduced positive charge (+1.20 to +1.32 e). This reduction
suggests partial electron withdrawal from neighboring Ti, which may indicate a tendency
toward Ti4+ → Ti3+ reduction as a charge compensation mechanism. However, alternative
compensation pathways (e.g., oxygen vacancy formation) cannot be excluded based solely
on Mulliken populations.

Figure 6. Mulliken charges of (a) tetragonal BaTiO3, (b) tetragonal BaTiO3 doped with fluoride,
(c) tetragonal BaTiO3 doped with nitrogen, (d) tetragonal BaTiO3 doped with rhodium, and (e) hexag-
onal BaTiO3. Color key: color bar ranges from dark red to light green indicate charge from nega-
tive to positive, charge range from (−1.82 to + 1.82 e). DFT calculations were performed using a
2 × 2 × 2 supercell.

Substituting O2− with N3− introduces an extra negative charge, requiring either oxi-
dation of neighboring cations or hole formation. The calculated N charge is approximately
−0.85 to −1.00 e, with neighboring Ti exhibiting enhanced positive charge (+1.45 to +1.58 e)
relative to pristine Ti (+1.35 to +1.48 e). This increase may indicate a shift toward higher
effective Ti oxidation states (e.g., Ti4+ → Ti5+) or, more likely, increased covalent character
with charge delocalization rather than strictly localized oxidation. The elevated charge on
Ti is consistent with the enhanced Ti–N covalency observed in QTAIM analysis (Table 2,
Figure 5c).

Substituting Ti4+ with Rh yields calculated Mulliken charges of approximately +1.20
to +1.35 e for Rh. This value lies between the formal limits of Rh3+ (+3) and Rh4+ (+4),
indicating a mixed-valence character rather than a fixed oxidation state. Such intermediate
Mulliken populations are typical for transition metals in oxide matrices and suggest that
Rh adopts a superposition or resonance between Rh3+ and Rh4+ configurations, with the
surrounding O atoms showing more negative charge (−1.25 to −1.38 e). This charge
redistribution is consistent with significant Rh–O hybridization (Table 2, Figure 5d) and
implies that Rh can flexibly accommodate charge transfer during catalytic cycles (e.g.,
Rh3+ ↔ Rh4+), which is favorable for oxygen evolution reaction activity. The partial charge
on Rh should not be misinterpreted as a precise oxidation state but rather as an indicator of
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significant covalent character and charge delocalization between Rh and its neighboring
oxygen ligands.

The hexagonal phase displays a broader charge distribution compared to its tetragonal
counterpart, with Ba ranging from +1.45 to +1.70 e, Ti from +1.30 to +1.52 e, and O from
−1.00 to −1.25 e. This heterogeneity reflects the presence of two distinct Ti–O connectivity
motifs (face-sharing and corner-sharing TiO6 octahedra) and highlights the structural
flexibility of the hexagonal polymorph.

It must be emphasized that Mulliken charges are basis-set-dependent and do not
correspond to measurable physical quantities such as formal oxidation states. The values
reported here serve primarily as a qualitative guide to relative charge redistribution trends
induced by doping and should be interpreted alongside complementary QTAIM descriptors
(Table 2) and experimental observations.

3.2. Reactive All-Atom Molecular Dynamics Simulation Results
3.2.1. Bond Statistics and Surface Interactions

Bond statistics and surface interaction analyses reveal the progressive formation of
interfacial species and dynamic water–surface associations throughout the reactive molecu-
lar dynamics simulations. In both pristine and fluorine-substituted BaTiO3 systems, the
number of free water molecules decreases steadily over time, dropping from approximately
880 at the start of the simulation to about 740–755 at equilibrium (Figure 7a). This reduction
indicates net water consumption at the interface, which can be attributed to water adsorp-
tion, dissociation, and the formation of surface-bound hydroxyl species, as well as possible
speciation changes driven by surface reactivity.

A pronounced difference between the two systems is observed in the evolution of
O-H bond formation. For pristine BaTiO3, the number of O-H bonds increases signifi-
cantly, reaching values in the range of approximately 16–21 by the end of the simulation
(Figure 7b). This behavior reflects enhanced water dissociation and proton transfer pro-
cesses at the oxide surface. In contrast, the fluorine-substituted BaTiO3 model exhibits
substantially lower O-H bond numbers, stabilizing between approximately 9 and 13. This
suppression of hydroxylation suggests that fluorine substitution modifies the local elec-
tronic environment and surface acidity, thereby hindering proton transfer and limiting
extensive surface hydroxyl formation.

Analysis of Ti-Ow (water oxygen) coordination further supports the presence of tran-
sient adsorption events. The number of Ti-Ow bonds fluctuates between roughly 2 and 6
over the course of the simulation (Figure 7c), indicating reversible water adsorption at ex-
posed titanium sites rather than permanent coordination. Meanwhile, Ba–Ow coordination
shows a monotonic increase from near-zero values to a stable plateau of approximately
15–18 bonds (Figure 7d). Notably, the fluorine-substituted system displays a slightly higher
average Ba–Ow coordination, suggesting enhanced electrostatic interactions between water
molecules and barium sites upon fluorine incorporation. Together, these observations
demonstrate that fluorine substitution moderates surface reactivity while subtly reshaping
water–surface interaction pathways.

Together, these observations demonstrate that rather than simply moderating surface
reactivity, fluorine substitution actively reshapes the water–surface interaction pathways,
shifting the reactive focus to promote significantly stronger barium–water coordination.

In both pristine and fluorine-substituted BaTiO3 systems, barium surface sites develop
substantial coordination with interfacial water molecules, reflecting the highly ionic nature
of Ba2+ and its strong affinity for electrostatic hydration. This behavior is consistent with
the role of alkaline-earth cations in stabilizing hydration shells at oxide–water interfaces.
Over the course of the simulation, Ba–Ow coordination steadily increases and reaches a
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stable plateau, indicating the formation of a persistent interfacial water layer anchored
to barium sites. Notably, the fluorine-substituted model exhibits a slightly higher aver-
age Ba–Ow coordination number. This enhancement can be attributed to possible local
electrostatic rearrangements induced by fluorine incorporation, which may increase the
effective exposure of Ba sites or alter the interfacial water density profile. The exact charge
compensation mechanism upon F− substitution for O2− remains to be fully elucidated, as
it may involve complex interplay between lattice relaxation, proton co-incorporation, or
surface hydroxylation.

 
(a) (b) 

 
(c) (d) 

Figure 7. Evolution of bond statistics and surface interactions throughout the simulation. (a) Count
of free water molecules. (b) Number of O–H bonds for pristine BaTiO3 and the F-substituted model.
(c) Ti–Ow coordination numbers. (d) Ba-Ow coordination numbers.

The most striking difference between the two systems lies in the evolution of O–H bond
formation at the interface. Within the ReaxFF framework, an increase in interfacial O–H
bonds is typically associated with dissociative water adsorption, the formation of surface
hydroxyl groups (-OH), and proton transfer events within the hydrogen-bond network.
In pristine BaTiO3, the continuous growth in O–H bond counts indicates an active surface
capable of facilitating water dissociation and proton mobility. In contrast, the fluorine-
substituted surface exhibits a pronounced suppression of O–H bond formation, suggesting
a fundamental alteration of the surface reactivity. This behavior implies that fluorine
substitution effectively passivates reactive oxygen sites or reduces the thermodynamic
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driving force for water dissociation, thereby limiting surface hydroxylation and proton
transfer processes.

The ReaxFF-MD simulations for F-substituted BaTiO3 employed four fluorine substi-
tutions per simulation cell (higher local dopant density than the DFT single-substitution
models). Consequently, the suppression of O–H bond formation observed here likely arises
from a combination of fluorine-specific chemical effects and increased dopant concentra-
tion. The primary conclusion—that fluorine incorporation reduces surface hydroxylation
relative to pristine BaTiO3—remains valid, but quantitative comparisons with DFT-derived
electronic properties should be made with this distinction in mind.

3.2.2. Radial Distribution Functions

Radial distribution function (RDF) analyses provide further mechanistic insight into
these trends. For Ti-Ow interactions, the fluorine-substituted system displays a sharper
and more intense first-shell peak located at approximately 2.6–2.8 Å (Figure 8a), indicating
closer approach and stronger short-range ordering of water molecules near titanium sites.
Despite this enhanced proximity, the absence of increased O-H bond formation suggests
that water predominantly adsorbs in a molecular (non-dissociative) fashion. This points
to a substitution-driven stabilization of molecular adsorption configurations at Ti sites,
accompanied by inhibition of dissociative adsorption pathways.

  
(a) (b) 

 
(c) 

Figure 8. RDFs for the pristine and F-substituted systems. (a) Ti–Ow. (b) Ba–Ow. (c) O–H.

These findings are consistent with prior reports on titanate surface chemistry, including
the work of Akbarian et al. [70] which demonstrated that water adsorption can effectively
screen surface charges and modulate electrostatic interactions. Partial substitution of near-
surface anions, such as fluorine, likely reshapes the interfacial charge distribution and local
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electric fields, shifting the balance between electrostatic stabilization and chemical reactivity.
As a result, the interface favors ordered hydration layers over chemically transformed
surface species.

Additional support is provided by the Ba–Ow RDFs (Figure 8b), where pristine
BaTiO3 exhibits a well-defined first-shell peak centered around 3.8–4.0 Å, indicative of
structured hydration. In contrast, the fluorine-substituted model shows a broader and
slightly shifted distribution, reflecting a more heterogeneous but still strongly coordinated
hydration environment. Finally, the O–H RDFs (Figure 8c) display a sharp peak near 1.0 Å
in both systems, corresponding to covalent O–H bonds. The reduced peak intensity in the
substituted system qualitatively agrees with its lower O–H bond statistics, reinforcing the
conclusion that fluorine substitution suppresses surface hydroxylation while preserving
stable water–surface interactions.

3.3. Comparison with Experiment

The following comparison with experimental literature is provided for qualitative
validation of our structural and interfacial predictions. We note that our calculations did
not directly simulate photocatalytic activity metrics (e.g., quantum efficiency, hydrogen evo-
lution rates, or charge carrier lifetimes). The experimental studies cited employed different
measurement conditions and synthesis methods; therefore, the comparisons presented here
are intended to show consistency of atomistic trends rather than quantitative validation.

Table 3 provides a direct comparison between our computational findings for pristine
and doped BaTiO3 systems and experimentally reported photocatalytic performance from
the literature. This comparison serves to validate our atomistic predictions and contextual-
ize the relevance of our structural analyses for experimental photocatalytic applications.

Table 3. Comparison of computational findings on doped BaTiO3 systems (vs. pristine tetragonal
and hexagonal BaTiO3 systems) with experimental photocatalytic enhancements.

System Our Key Finding
(vs. Pristine BaTiO3 Systems)

Experimental Validation
(Reference)

Pristine Tetragonal BaTiO3 Baseline: moderate water interactions Limited visible-light activity [40]
N-doped Tetragonal BaTiO3 Enhanced covalent Ti-N bonds, reactivity Visible-light RhB degradation [53]
F-doped Tetragonal BaTiO3 Suppressed O-H formation, passivation Reduced recombination [54]

Rh-doped Tetragonal BaTiO3 Strong Rh-O coupling, electronic states Augmented MB degradation [40]
Pristine Hexagonal BaTiO3 Heterogeneous interactions, adaptable surface Phase-enhanced piezocatalysis [55]

Pristine tetragonal BaTiO3 serves as the baseline reference in both our calculations
and experimental studies. Our DFT and ReaxFF-MD results indicate moderate water
interactions and surface reactivity, consistent with experimental reports showing limited
visible-light photocatalytic activity due to the wide band gap of undoped BaTiO3 [40].

Nitrogen-doped tetragonal BaTiO3 in our DFT calculations exhibits enhanced covalent
Ti-N bonding and localized electronic perturbations, as evidenced by elongated Ti–N bonds
(2.09 Å), angular distortion (N–Ti–O: 84.5–95.5◦), and stronger attractive noncovalent
interactions near the substitution site. These features suggest increased surface reactivity,
which aligns with experimental studies by Cao et al. [53] demonstrating visible-light-driven
Rhodamine B (RhB) degradation over N-doped BaTiO3 photocatalysts.

Fluorine-doped tetragonal BaTiO3 in our ReaxFF-MD simulations shows suppressed
O-H bond formation and reduced surface hydroxylation compared to pristine BaTiO3,
indicating a passivation effect. This computational observation agrees with experimental
reports by Wang et al. [54], where F-doping reduced charge carrier recombination rates and
enhanced material stability under illumination.
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Rhodium-doped tetragonal BaTiO3 in our DFT calculations reveals strong Rh-O cou-
pling (bond length 2.01 Å), expanded octahedral angles (86.5–93.5◦), and pronounced
NCI features around the Rh site, suggesting localized electronic states. Bhat et al. [40]
experimentally confirmed that Rh-doped BaTiO3 exhibits augmented methylene blue (MB)
degradation under visible light, attributing this to improved charge transfer mediated by
Rh3+/Rh4+ intermediate states.

Pristine hexagonal BaTiO3 displays heterogeneous NCI distributions and distinct RDG
features reflecting structural flexibility. Amiri et al. [55] demonstrated phase-enhanced
piezocatalytic activity for hexagonal BaTiO3 in water purification applications, supporting
our observation that the hexagonal polymorph offers adaptable surface interactions.

Collectively, these comparisons confirm that our atomistic predictions—ranging from
bond topology and noncovalent interactions to dynamic water behavior—are consistent
with existing experimental trends, thereby validating our computational approach and
emphasizing the potential of doping strategies for enhancing BaTiO3-based material per-
formance in energy-related applications [40,53–55].

4. Conclusions
This study performed DFT calculations to provide atomic-scale insights into the

intramolecular interactions of nitrogen, fluorine, and rhodium doping on BaTiO3 surfaces,
while all-atom reactive MD simulations were performed to understand explicit water
interactions in pristine and fluorine-substituted BaTiO3.

DFT results suggest that doping induces localized lattice distortions, modifies nonco-
valent interactions, and alters electron density distributions, with nitrogen and rhodium
substitutions indicating enhanced covalent character and electronic coupling, while fluo-
rine substitution appears to promote ionic stabilization and surface passivation. Moreover,
ReaxFF-MD simulations demonstrated that fluorine doping suppresses O-H bond forma-
tion and limits dissociative water adsorption relative to pristine BaTiO3, instead favoring
molecular adsorption and the formation of ordered hydration layers at the surface. It
should be noted that the ReaxFF-MD simulations for F-doped BaTiO3 employed a higher
local dopant density (four substitutions) compared to the DFT single-substitution models.
Therefore, the observed suppression of O–H bond formation represents a qualitative trend
rather than a direct quantitative comparison. Future studies with systematically varied
dopant concentrations are required to separate chemical effects from concentration effects.

The integrated computational approach employed here bridges static electronic struc-
ture analysis with dynamic interfacial processes, offering a realistic description of water–
surface interactions under operational conditions. In addition, quantitative determination
of activation energies and reaction barriers for water dissociation was beyond the scope of
this work due to methodological limitations of cluster-based DFT and standard ReaxFF-
MD simulations. Ongoing efforts in our group are focused on integrating MACE machine
learning potentials with plane-wave DFT (VASP) to systematically compute reaction energy
barriers, free energy profiles, band edge alignments, and location-specific water adsorption
energies for doped BaTiO3 photocatalysts. In addition, our future work will focus on
extending the present approach to doped hexagonal BaTiO3 systems to further evaluate
phase-dependent photocatalytic behavior. Herein, dopant incorporation at Ba (A-site)
positions will be systematically investigated in future studies to assess its influence on
structural, electronic, and catalytic properties.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/ma19112336/s1, The attached supporting material (zip file) contains
the input and output analysis codes of the BaTiO3 structures for reactive all-atom MD simulations.

https://doi.org/10.3390/ma19112336

https://www.mdpi.com/article/10.3390/ma19112336/s1
https://www.mdpi.com/article/10.3390/ma19112336/s1
https://doi.org/10.3390/ma19112336


Materials 2026, 19, 2336 18 of 21

Author Contributions: Conceptualization, A.U.A., U.Z.T., O.K.A. and F.U.A.; methodology, A.U.A.,
T.M.I. and E.K.; software, T.M.I. and Z.Y.Z.; validation, A.U.A., T.M.I. and E.K.; formal analysis,
A.U.A., U.Z.T. and Z.Y.Z.; investigation, U.Z.T., B.A. and A.A.; resources, E.K., O.K.A. and F.U.A.;
data curation, U.Z.T. and A.Z.; writing—original draft preparation, A.U.A.; writing—review and
editing, T.M.I., E.K., O.K.A. and F.U.A.; visualization, A.I.P. and A.A.; supervision, O.K.A. and F.U.A.;
project administration, O.K.A.; funding acquisition, Z.Y.Z. and F.U.A. All authors have read and
agreed to the published version of the manuscript.

Funding: This research was funded by the Science Committee of the Ministry of Science and Higher
Education of the Republic of Kazakhstan “Photoelectrochemical water splitting on semiconductor
nanoparticles” (Grant No. AP25795999). In addition, A.I. Popov gratefully acknowledges partial
support from the HORIZON-MSCA-2025-SE-01 project, Project No. 101299799, “Post-irradiation
Multiscale Dynamics of Materials” (PRISMA).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The original contributions presented in this study are included in the
article/Supplementary Material. Further inquiries can be directed to the corresponding authors.

Acknowledgments: This research was funded by the Science Committee of the Ministry of Sci-
ence and Higher Education of the Republic of Kazakhstan “Photoelectrochemical water splitting
on semiconductor nanoparticles” (Grant No. AP25795999). In addition, A.I. Popov gratefully ac-
knowledges partial support from the HORIZON-MSCA-2025-SE-01 project, Project No. 101299799,
“Post-irradiation Multiscale Dynamics of Materials” (PRISMA). We thank the Information Technology
Centre of Novosibirsk State University for providing access to the cluster computational resources.
The work of T.M.I. was carried out within the state assignment of the Vernadsky Institute of Geo-
chemistry and Analytical Chemistry of the Russian Academy of Sciences (GEOKHI RAS). During
the preparation of this manuscript, the authors used ChatGPT, based on the GPT-4.5 architecture, to
assist with English grammar correction and stylistic improvements. All outputs were reviewed and
edited by the authors, who take full responsibility for the final content of this publication.

Conflicts of Interest: The authors have no conflicts to disclose.

Abbreviations
The following abbreviations are used in this manuscript:

BaTiO3 Barium titanate
BCP Bond critical point
CP Critical point
DFT Density functional theory
ReaxFF Reactive force field
RDG Reduced density gradient
RDF Radial distribution function
MD Molecular dynamics
NCI Non-covalent interactions

References
1. Kudo, A.; Miseki, Y. Heterogeneous photocatalyst materials for water splitting. Chem. Soc. Rev. 2009, 38, 253–278. [CrossRef]
2. El Naggar, A.M.; Gobara, H.M.; Nassar, I.M. Novel nanostructures for the improvement of photocatalyzed hydrogen production

via water splitting with in situ nanocarbon formation. Renew. Sustain. Energy Rev. 2015, 41, 1205–1216. [CrossRef]
3. Burashev, G.; Tatykayev, B.; Baláž, M.; Khan, N.; Seysembekova, A.; Tugelbay, S.; Turgynbay, N.; Burkitbayev, M.; Shalabayev, Z.

All Solid-State Fabrication Strategy of CdS@ZnS Nanocomposites and Their Photocatalytic Performance in Water Purification. Int.
J. Biol. Chem. 2023, 16, 110–122. [CrossRef]

4. Jafari, T.; Moharreri, E.; Amin, A.S.; Miao, R.; Song, W.; Suib, S.L. Photocatalytic Water Splitting—The Untamed Dream: A Review
of Recent Advances. Molecules 2016, 21, 900. [CrossRef] [PubMed]

https://doi.org/10.3390/ma19112336

https://doi.org/10.1039/B800489G
https://doi.org/10.1016/j.rser.2014.09.001
https://doi.org/10.26577/IJBCh2023v16i2a12
https://doi.org/10.3390/molecules21070900
https://www.ncbi.nlm.nih.gov/pubmed/27409596
https://doi.org/10.3390/ma19112336


Materials 2026, 19, 2336 19 of 21

5. Hisatomi, T.; Wang, Q.; Zhang, F.; Ardo, S.; Reisner, E.; Nishiyama, H.; Kudo, A.; Yamada, T.; Domen, K. Photocatalytic Water
Splitting for Large-Scale Solar-to-Chemical Energy Conversion and Storage. Front. Sci. 2024, 2, 1411644. [CrossRef]

6. Nulimu, A.; Aldongarov, A.; Sarsenova, S.; Ibrayeva, A.; Karibayev, M. Unraveling the role of functional groups in polyaniline for
NH3 sensing: A theoretical approach. Eng. Sci. 2025, 36, 1616. [CrossRef]

7. Kumar Sahu, P.; Champati, A.; Pradhan, A.; Naik, B. Design and Development of Nanostructured Photocatalysts for Large-Scale
Solar Green Hydrogen Generation. Sustain. Energy Fuels 2024, 8, 1872–1917. [CrossRef]

8. Inerbaev, T.; Zakiyeva, Z.; Abuova, F.; Abuova, A.; Nurkenov, S.; Kaptagay, G. DFT studies of BaTiO3. Bull. Karaganda Univ. Phys.
Ser. 2023, 110, 72–78. [CrossRef]

9. Namdar-Asl, H.; Shiran-Jang, F.; Fathyunes, L.; Mohtadi-Bonab, M.A.; Pour-Ali, S. Electrochemical Synthesis of TiO2 Nanotubes
for Photocatalytic Water Splitting: Mechanisms, Challenges, and Improvement Strategies. Catalysts 2025, 15, 1155. [CrossRef]

10. Alina, A.K.; Kadyrzhanov, K.K.; Kozlovskiy, A.A.; Konuhova, M.; Popov, A.I.; Shlimas, D.D.; Borgekov, D.B. WO3/ZnWO4

microcomposites with potential application in photocatalysis. Opt. Mater. 2024, 150, 115280. [CrossRef]
11. Suchikova, Y.; Nazarovets, S.; Konuhova, M.; Popov, A.I. Binary Oxide Ceramics (TiO2, ZnO, Al2O3, SiO2, CeO2, Fe2O3, and

WO3) for Solar Cell Applications: A Comparative and Bibliometric Analysis. Ceramics 2025, 8, 119. [CrossRef]
12. Li, R.; Wang, X.; Chen, M. Non-Noble Metal and Nonmetallic Plasmonic Nanomaterials with Located Surface Plasmon Resonance

Effects: Photocatalytic Performance and Applications. Catalysts 2023, 13, 940. [CrossRef]
13. Ullah, I.; Ling, C.; Li, J.-H.; Lu, X.-J.; Li, C.; Yang, Z.; Qian, X.-J.; Wang, G.; Xu, A.-W. Metallic plasmons significantly boosted

visible-light photocatalytic hydrogen evolution from water splitting. Sustain. Energy Fuels 2023, 7, 263–269. [CrossRef]
14. Wang, M.; Wang, C.; Liu, Y.; Zhou, X. Hybrid Density Functional Theory Description of Non-Metal Doping in Perovskite BaTiO3

for Visible-Light Photocatalysis. J. Solid State Chem. 2019, 280, 121018. [CrossRef]
15. Castelli, I.E.; Landis, D.D.; Thygesen, K.S.; Dahl, S.; Chorkendorff, I.; Jaramillo, T.F.; Jacobsen, K.W. New cubic perovskites for one-

and two-photon water splitting using the computational materials repository. Energy Environ. Sci. 2012, 5, 9034–9043. [CrossRef]
16. Berlich, A.; Strauss, H.; Langheinrich, C.; Chassé, A.; Morgner, H. Surface termination of BaTiO3 (001) single crystals: A combined

electron spectroscopic and theoretical study. Surf. Sci. 2011, 605, 158–165. [CrossRef]
17. Acosta, M.; Novak, N.; Rojas, V.; Patel, S.; Vaish, R.; Koruza, J.; Rossetti, G.A., Jr.; Rödel, J. BaTiO3-Based Piezoelectrics:

Fundamentals, Current Status, and Perspectives. Appl. Phys. Rev. 2017, 4, 041305. [CrossRef]
18. Tugelbay, S.; Managa, M.; Karibayev, M.; Tatykayev, B.; Bakbolat, B. AgCl based photocatalysts for visible-light water treatment:

Plasmonic regulation, chlorine radical chemistry, and structure performance relationships. J. Environ. Chem. Eng. 2026, 14, 123306.
[CrossRef]

19. Ray, S.K.; Cho, J.; Hur, J. A Critical Review on Strategies for Improving Efficiency of BaTiO3-Based Photocatalysts for Wastewater
Treatment. J. Environ. Manag. 2021, 290, 112679. [CrossRef] [PubMed]

20. Gao, J.; Xue, D.; Liu, W.; Zhou, C.; Ren, X. Recent Progress on BaTiO3-Based Piezoelectric Ceramics for Actuator Applications.
Actuators 2017, 6, 24. [CrossRef]

21. Ivanov, K.; Melnik, E.; Sirotkin, N.; Agafonov, A. The Physicochemical Properties of BaTiO3/CuO Nanocomposites and Their
Photocatalytic Activity under Visible and UV Light Irradiation. Opt. Mater. 2025, 168, 117494. [CrossRef]

22. Ivliev, M.; Andryushin, K. Statistical Model for the Description of Ferroelectric Phase Transitions in BaTiO3 and KNbO3. J. Adv.
Dielectr. 2025, 15, 2450019. [CrossRef]

23. Dzyuba, D.A.; Vakulov, Z.E.; Tominov, R.V.; Geldash, A.A.; Ageev, O.A.; Prakash, C.; Smirnov, V.A. Formation of BaTiO3 Thin
Films for Energy-Efficient Memristive Applications. Ferroelectrics 2024, 618, 1366–1373. [CrossRef]

24. Ivanov, K.V.; Filimonova, Y.A.; Sirotkin, N.A.; Agafonov, A.V.; Nazarov, S.B. Hemocompatibility and Antioxidant Properties of
Nano-Sized Barium Titanate in Cubic and Tetragonal System. J. Clust. Sci. 2024, 35, 1439–1448. [CrossRef]

25. Boumous, S.; Boumous, Z.; Belhouchet, H.; Nasser, M.; Hezil, N.; Guesmi, A.; Khezami, L.; Fellah, M. Electrical and Ferroelectric
Characterization of BaTiO3 Ceramics, Dielectric Properties and Hysteresis Behavior. J. Mater. Sci. Mater. Electron. 2025, 36, 1396.
[CrossRef]

26. Anspoks, A.; Marini, C.; Miyanaga, T.; Joseph, B.; Kuzmin, A.; Purans, J.; Timoshenko, J.; Bussmann-Holder, A. Local Structure of
A-Atom in ABO3 Perovskites Studies by RMC-EXAFS. Radiat. Phys. Chem. 2020, 175, 108072. [CrossRef]

27. Eglitis, R.I.; Purans, J.; Popov, A.I.; Bocharov, D.; Chekhovska, A.; Jia, R. Ab Initio Computations of O and AO as well as ReO2,
WO2 and BO2-Terminated ReO3, WO3, BaTiO3, SrTiO3 and BaZrO3 (001) Surfaces. Symmetry 2022, 14, 1050. [CrossRef]

28. Liu, J.; Zhang, S.; Jiang, M.; Xiao, H.; Feng, S.; Qiao, L. Electronic Structure and Anion Engineering for Perovskite Oxysulfide
BaTi(O,S)3. J. Vac. Sci. Technol. A 2022, 40, 012801. [CrossRef]

29. Panthi, G.; Park, M. Approaches for Enhancing the Photocatalytic Activities of Barium Titanate: A Review. J. Energy Chem. 2022,
73, 160–188. [CrossRef]

30. Elmahgary, M.G.; Mahran, A.M.; Ganoub, M.; Abdellatif, S.O. Optical Investigation and Computational Modelling of BaTiO3 for
Optoelectronic Devices Applications. Sci. Rep. 2023, 13, 4761. [CrossRef] [PubMed]

31. Cardona, M. Optical Properties and Band Structure of SrTiO3 and BaTiO3. Phys. Rev. 1965, 140, A651. [CrossRef]

https://doi.org/10.3390/ma19112336

https://doi.org/10.3389/fsci.2024.1411644
https://doi.org/10.30919/es1616
https://doi.org/10.1039/D4SE00056K
https://doi.org/10.31489/2023ph2/72-78
https://doi.org/10.3390/catal15121155
https://doi.org/10.1016/j.optmat.2024.115280
https://doi.org/10.3390/ceramics8040119
https://doi.org/10.3390/catal13060940
https://doi.org/10.1039/D2SE01523D
https://doi.org/10.1016/j.jssc.2019.121018
https://doi.org/10.1039/c2ee22341d
https://doi.org/10.1016/j.susc.2010.10.014
https://doi.org/10.1063/1.4990046
https://doi.org/10.1016/j.jece.2026.123306
https://doi.org/10.1016/j.jenvman.2021.112679
https://www.ncbi.nlm.nih.gov/pubmed/33901825
https://doi.org/10.3390/act6030024
https://doi.org/10.1016/j.optmat.2025.117494
https://doi.org/10.1142/S2010135X2450019X
https://doi.org/10.1080/00150193.2024.2305575
https://doi.org/10.1007/s10876-024-02611-2
https://doi.org/10.1007/s10854-025-15467-7
https://doi.org/10.1016/j.radphyschem.2018.11.026
https://doi.org/10.3390/sym14051050
https://doi.org/10.1116/6.0001471
https://doi.org/10.1016/j.jechem.2022.06.023
https://doi.org/10.1038/s41598-023-31652-2
https://www.ncbi.nlm.nih.gov/pubmed/36959231
https://doi.org/10.1103/PhysRev.140.A651
https://doi.org/10.3390/ma19112336


Materials 2026, 19, 2336 20 of 21

32. Mishra, V.; Sagdeo, A.; Kumar, V.; Warshi, M.K.; Rai, H.M.; Saxena, S.K.; Roy, D.R.; Mishra, V.; Kumar, R.; Sagdeo, P.R. Electronic
and Optical Properties of BaTiO3 across Tetragonal to Cubic Phase Transition: An Experimental and Theoretical Investigation. J.
Appl. Phys. 2017, 122, 065105. [CrossRef]

33. Zakeri, F.; Javid, A.; Orooji, Y.; Fazli, A.; Khataee, A.; Khataee, A. Al-Ce Co-Doped BaTiO3 Nanofibers as a High-Performance
Bifunctional Electrochemical Supercapacitor and Water-Splitting Electrocatalyst. Sci. Rep. 2024, 14, 9833. [CrossRef]

34. Chakraborty, A.; Liton, M.N.H.; Sarker, M.S.I.; Rahman, M.M.; Khan, M.K.R. A Comprehensive DFT Evaluation of Catalytic and
Optoelectronic Properties of BaTiO3 Polymorphs. Phys. B Condens. Matter 2023, 648, 414418. [CrossRef]

35. Rached, A.; Jemai, R.; Naveas, N.; Martín-Palma, R.J.; Khirouni, K. Experimental and Theoretical Investigations of Conduction
Mechanism in Er, Ca Doped Barium Titanate. Phys. B Condens. Matter 2025, 719, 417983. [CrossRef]

36. Tran, M.H.; Nguyen, T.M.H.; Dang, X.D.; Nguyen, L.M.; Tran, D.L.; Nguyen, D.H. TiO2 Inter-Bridges Enable Enhanced Ultraviolet
Photodetection in BaTiO3 Photoabsorbing Films. Opt. Mater. 2026, 174, 117981. [CrossRef]

37. Barman, S.; Chakraborty, S.; Paul, S.; Das, S.; Karmakar, S.; Datta, A. Strained Zn-Doped BaTiO3 Nanorods for Efficient
Light-Responsive Mechanical Energy Harvesting via Piezo-Phototronic Coupling. Phys. Status Solidi A 2025, 222, e202500187.
[CrossRef]

38. Kumar, V.; Singh, G.P.; Kumar, M.; Kumar, A.; Singh, P.; Ansu, A.K.; Sharma, A.; Alam, T.; Yadav, A.S.; Dobrota, D. Nanocomposite
marvels: Unveiling breakthroughs in photocatalytic water splitting for enhanced hydrogen evolution. ACS Omega 2024, 9,
6147–6164. [CrossRef]

39. Royer, S.; Duprez, D.; Can, F.; Courtois, X.; Batiot-Dupeyrat, C.; Laassiri, S.; Alamdari, H. Perovskites as substitutes of noble
metals for heterogeneous catalysis: Dream or reality? Chem. Rev. 2014, 114, 10292–10368. [CrossRef] [PubMed]

40. 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]

41. Fan, Z.; Sun, K.; Wang, J. Perovskites for photovoltaics: A combined review of organic–inorganic halide perovskites and
ferroelectric oxide perovskites. J. Mater. Chem. A 2015, 3, 18809–18828. [CrossRef]

42. Wang, J.L.; Gaillard, F.; Pancotti, A.; Gautier, B.; Niu, G.; Vilquin, B.; Pillard, V.; Rodrigues, G.L.M.P.; Barrett, N. Chemistry and
atomic distortion at the surface of an epitaxial BaTiO3 thin film after dissociative adsorption of water. J. Phys. Chem. C 2012, 116,
21802–21809. [CrossRef]

43. Rong, X.; Parolin, J.; Kolpak, A.M. A fundamental relationship between reaction mechanism and stability in metal oxide catalysts
for oxygen evolution. ACS Catal. 2016, 6, 1153–1158. [CrossRef]

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

45. Wemple, S.H. Polarization fluctuations and the optical-absorption edge in BaTiO3. Phys. Rev. B 1970, 2, 2679. [CrossRef]
46. Li, X.; Wang, B.; Zhang, T.-Y.; Su, Y. Water adsorption and dissociation on BaTiO3 single-crystal surfaces. J. Phys. Chem. C 2014,

118, 15910–15918. [CrossRef]
47. Srilakshmi, C.; Saraf, R.; Prashanth, V.; Rao, G.M.; Shivakumara, C. Structure and catalytic activity of Cr-doped BaTiO3

nanocatalysts synthesized by conventional oxalate and microwave-assisted hydrothermal methods. Inorg. Chem. 2016, 55,
4795–4805. [CrossRef] [PubMed]

48. Nageri, M.; Kumar, V. Manganese-doped BaTiO3 nanotube arrays for enhanced visible-light photocatalytic applications. Mater.
Chem. Phys. 2018, 213, 400–405. [CrossRef]

49. Xie, P.; Yang, F.; Li, R.; Ai, C.; Lin, C.; Lin, S. Improving hydrogen evolution activity of perovskite BaTiO3 with Mo doping:
Experiments and first-principles analysis. Int. J. Hydrogen Energy 2019, 44, 11695–11704. [CrossRef]

50. Kato, S.; Nakajima, N.; Yasui, S.; Yasuhara, S.; Fu, D.; Adachi, J.; Nitani, H.; Takeichi, Y.; Anspoks, A. Dielectric response of BaTiO3

electronic states under AC fields via microsecond time-resolved X-ray absorption spectroscopy. Acta Mater. 2021, 207, 116681.
[CrossRef]

51. Abuova, A.U.; Tolegen, U.Z.; Inerbaev, T.M.; Karibayev, M.; Satanova, B.M.; Abuova, F.U.; Popov, A.I. A brief review of atomistic
studies on BaTiO3 as a photocatalyst for solar water splitting. Ceramics 2025, 8, 100. [CrossRef]

52. Maeda, K. Rhodium-doped barium titanate perovskite as a stable p-type semiconductor photocatalyst for hydrogen evolution
under visible light. ACS Appl. Mater. Interfaces 2014, 6, 2167–2173. [CrossRef] [PubMed]

53. Cao, J.; Ji, Y.; Tian, C.; Yi, Z. Synthesis and enhancement of visible light activities of nitrogen-doped BaTiO3. J. Alloys Compd. 2014,
615, 243–248. [CrossRef]

54. 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]

55. Amiri, O.; Abdulla, G.L.; Burhan, C.M.; Hussein, H.H.; Azhdarpour, A.M.; Saadat, M.; Joshaghani, M.; Mahmood, P.H. Boost
piezocatalytic activity of BaSO4 by coupling it with BaTiO3, Cu:BaTiO3, Fe:BaTiO3, S:BaTiO3 and modification by sucrose for
water purification. Sci. Rep. 2022, 12, 20792. [CrossRef]

https://doi.org/10.3390/ma19112336

https://doi.org/10.1063/1.4997939
https://doi.org/10.1038/s41598-024-54561-4
https://doi.org/10.1016/j.physb.2022.414418
https://doi.org/10.1016/j.physb.2025.417983
https://doi.org/10.1016/j.optmat.2026.117981
https://doi.org/10.1002/pssa.202500187
https://doi.org/10.1021/acsomega.3c07822
https://doi.org/10.1021/cr500032a
https://www.ncbi.nlm.nih.gov/pubmed/25253387
https://doi.org/10.1039/D0NA00702A
https://doi.org/10.1039/C5TA04235F
https://doi.org/10.1021/jp305826e
https://doi.org/10.1021/acscatal.5b02432
https://doi.org/10.1016/j.omx.2024.100382
https://doi.org/10.1103/PhysRevB.2.2679
https://doi.org/10.1021/jp5051386
https://doi.org/10.1021/acs.inorgchem.6b00240
https://www.ncbi.nlm.nih.gov/pubmed/27145140
https://doi.org/10.1016/j.matchemphys.2018.04.003
https://doi.org/10.1016/j.ijhydene.2019.03.145
https://doi.org/10.1016/j.actamat.2021.116681
https://doi.org/10.3390/ceramics8030100
https://doi.org/10.1021/am405293e
https://www.ncbi.nlm.nih.gov/pubmed/24410048
https://doi.org/10.1016/j.jallcom.2014.07.008
https://doi.org/10.3390/molecules29102250
https://doi.org/10.1038/s41598-022-24992-y
https://doi.org/10.3390/ma19112336


Materials 2026, 19, 2336 21 of 21

56. Zavatski, S.; Neilande, E.; Bandarenka, H.; Popov, A.; Piskunov, S.; Bocharov, D. Density Functional Theory for Doped TiO2:
Current Research Strategies and Advancements. Nanotechnology 2024, 35, 192001. [CrossRef]

57. Kenmoe, S.; Lisovski, O.; Piskunov, S.; Bocharov, D.; Zhukovskii, Y.F.; Spohr, E. Water Adsorption on Clean and Defective Anatase
TiO2 (001) Nanotube Surfaces: A Surface Science Approach. J. Phys. Chem. B 2018, 122, 5432–5440. [CrossRef] [PubMed]

58. Lisovski, O.; Chesnokov, A.; Piskunov, S.; Bocharov, D.; Zhukovskii, Y.F.; Wessel, M.; Spohr, E. Ab initio calculations of doped TiO2

anatase (101) nanotubes for photocatalytical water splitting applications. Mat. Sci. Semicon. Proc. 2016, 42, 138–141. [CrossRef]
59. Zhukovskii, Y.F.; Piskunov, S.; Lisovski, O.; Bocharov, D.; Evarestov, R.A. Doped 1D Nanostructures of Transition-Metal Oxides:

First-Principles Evaluation of Photocatalytic Suitability. Isr. J. Chem. 2017, 57, 461–476. [CrossRef]
60. Porotnikova, N.; Osinkin, D. Segregation and Interdiffusion Processes in Perovskites: A Review of Recent Advances. J. Mater.

Chem. A 2024, 12, 2620–2646. [CrossRef]
61. Assavachin, S.; Sawangphruk, M.; Osterloh, F.E. Ferroelectric BiFeO3 and BaTiO3 Photocatalysts for Photoelectrochemical Water

Splitting. Curr. Opin. Chem. Eng. 2025, 48, 101123. [CrossRef]
62. Bexeitova, K.; Ardakkyzy, A.; Soltan, R.; Baisalova, G.; Nurgalieva, D.; Karibayev, M.; Toktarbay, Z. Deep eutectic solvent assisted

oil–water interfacial behavior on polystyrene surfaces: A computational study. Sci. Rep. 2025, 15, 35992. [CrossRef]
63. Artrith, N.; Sailuam, W.; Limpijumnong, S.; Kolpak, A.M. Reduced Overpotentials for Electrocatalytic Water Splitting over Fe-

and Ni-Modified BaTiO3. Phys. Chem. Chem. Phys. 2016, 18, 29561–29570. [CrossRef]
64. Inerbaev, T.M.; Abuova, A.U.; Zakiyeva, Z.Y.; Abuova, F.U.; Mastrikov, Y.A.; Sokolov, M.; Gryaznov, D.; Kotomin, E.A. Effect

of Rh doping on optical absorption and oxygen evolution reaction activity on BaTiO3 (001) surfaces. Molecules 2024, 29, 2707.
[CrossRef]

65. Frisch, M.J.; Trucks, G.W.; Schlegel, H.B.; Scuseria, G.E.; Robb, M.A.; Cheeseman, J.R.; Scalmani, G.; Barone, V.; Petersson, G.A.;
Nakatsuji, H.; et al. Gaussian 16, Revision, B.01; Gaussian, Inc.: Wallingford, CT, USA, 2016.

66. Dennington, R.; Keith, T.A.; Millam, J.M. GaussView, Version 6.0.16; Semichem, Inc.: Shawnee Mission, KS, USA, 2016.
67. Lu, T.; Chen, F. Multiwfn: A multifunctional wavefunction analyzer. J. Comput. Chem. 2012, 33, 580–592. [CrossRef]
68. Humphrey, W.; Dalke, A.; Schulten, K. VMD: Visual molecular dynamics. J. Mol. Graph. 1996, 14, 33–38. [CrossRef]
69. Thompson, A.P.; Aktulga, H.M.; Berger, R.; Bolintineanu, D.S.; Brown, W.M.; Crozier, P.S.; in ′t Veld, P.J.; Kohlmeyer, A.; Moore,

S.G.; Nguyen, T.D.; et al. LAMMPS—A flexible simulation tool for particle-based materials modeling at the atomic, meso-, and
continuum scales. Comput. Phys. Commun. 2022, 271, 108171. [CrossRef]

70. Akbarian, D.; Nayir, N.; Van Duin, A.C.T. Understanding the physical chemistry of BaxSr1−xTiO3 using ReaxFF molecular
dynamics simulations. Phys. Chem. Chem. Phys. 2021, 23, 24352–24363. [CrossRef]

71. Ullah, A.; Hussain, J.; Waqar, M.; Humayun, M.; Khan, M.R. Optimizing oxygen reduction efficiency with a robust nickel
nitrogen-doped carbon nanotube catalyst for polymer electrolyte membrane fuel cells. Results Chem. 2025, 19, 102918. [CrossRef]

72. Tugelbay, S.; Bakbolat, B. Visible-light-responsive Ag3PO4-based photocatalysts for water treatment and wastewater remediation:
Advances, challenges, and future directions. J. Environ. Chem. Eng. 2025, 13, 120339. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/ma19112336

https://doi.org/10.1088/1361-6528/ad272e
https://doi.org/10.1021/acs.jpcb.7b11697
https://www.ncbi.nlm.nih.gov/pubmed/29596747
https://doi.org/10.1016/j.mssp.2015.09.003
https://doi.org/10.1002/ijch.201600099
https://doi.org/10.1039/D3TA06708D
https://doi.org/10.1016/j.coche.2025.101123
https://doi.org/10.1038/s41598-025-19783-0
https://doi.org/10.1039/C6CP06031E
https://doi.org/10.3390/molecules29112707
https://doi.org/10.1002/jcc.22885
https://doi.org/10.1016/0263-7855(96)00018-5
https://doi.org/10.1016/j.cpc.2021.108171
https://doi.org/10.1039/D1CP03353K
https://doi.org/10.1016/j.rechem.2025.102918
https://doi.org/10.1016/j.jece.2025.120339
https://doi.org/10.3390/ma19112336

	Introduction 
	Materials and Methods 
	System of Interest 
	DFT Calculations 
	Reactive Molecular Dynamics Simulations 

	Results and Discussion 
	DFT Calculation Results 
	Optimized Structures 
	Noncovalent Interactions 
	Critical Points 
	Mulliken Charges 

	Reactive All-Atom Molecular Dynamics Simulation Results 
	Bond Statistics and Surface Interactions 
	Radial Distribution Functions 

	Comparison with Experiment 

	Conclusions 
	References

