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This study employs first-principles calculations to investigate the effects of V and Co co-doping on the
electronic structure, optical properties, and photocatalytic activity of SrTiOs. The calculation results
indicate that a positive defect binding energy and shortened V-O/Co—-O bond lengths enhance the
structural stability of the co-doped system. An intermediate band is introduced into the forbidden gap of
the material via the strong hybridization between V-3d, Co-3d and O-2p orbitals, and the band gap is
significantly narrowed from 3.2 eV of the pristine phase to 2.5 eV, 2.17 eV, and 1.95 eV for the near,
medium, and far configurations, respectively, upon the scissors operator correction. This modification
leads to a significant red-shift in the optical absorption spectrum, with the absorption edge extending

. 4 6th Feb 2026 from 390 nm to 650 nm and the emergence of new absorption peaks, thereby improving the light-
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Accepted 28th March 2026 harvesting capability in the visible region. Furthermore, band edge position analysis shows that its band

edges are well-matched with the redox potentials of water, possessing the necessary conditions for

DOI: 10.1035/d6ra01052k water splitting. This work provides important theoretical guidance for the design of novel and efficient
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1. Introduction

Perovskites constitute a class of compounds with the general
chemical formula ABX;, wherein A and B represent metal
cations, and X denotes oxygen or a halogen. In ABO;-type
perovskites specifically, the conduction band is predominantly
composed of the 3d orbitals of the B-site cation, while the
valence band arises from the 2p orbitals of oxygen." The
distinctive crystal structure of perovskites underpins their
extensive utility in catalysis, as well as in solid-state devices
including solar cells and solid oxide fuel cells.> Notwithstanding
the high catalytic efficiency exhibited by organic perovskites,
their practical deployment is hindered by inherent instability
and toxicity concerns.® In contrast, the inorganic perovskite
strontium titanate (SrTiO;) demonstrates exceptional stability
and significant catalytic potential. It exhibits remarkable effi-
cacy in decomposing hazardous chemicals within industrial
exhaust gases,”” degrading organic pollutants in aqueous
environments,*” and facilitating catalytic hydrogen produc-
tion,*® thus holding substantial promise for environmental
remediation applications.

However, SrTiO; exhibits limited light absorption confined
to ultraviolet wavelengths below 385 nm due to its wide
bandgap of 3.2 eV, which consequently leads to low solar energy
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visible-light photocatalytic materials.

utilization efficiency. This limitation poses a critical obstacle to
the large-scale application of SrTiO; in photocatalysis.'*™**
Therefore, doping modification is commonly employed to
engineer its bandgap and broaden the light absorption
range.'>"

Doping modification represents a cornerstone strategy for
tailoring material properties. Conventional chemical doping
methods, such as hydrothermal synthesis® and sol-gel pro-
cessing,'® are widely employed but suffer from inherent limi-
tations including prolonged preparation cycles and poor
controllability over reaction processes.'”'® In contrast, doping
based on ion implantation, the so-called physical doping,**>*
leverages its non-chemical nature to enable precise control over
dopant concentration and spatial distribution,* significantly
enhancing dopant purity and structural stability,* as illustrated
in Fig. 1. Existing studies report that Rh-Sb co-doped SrTiO;
photocatalysts synthesized via solid-state reaction can achieve
efficient acetaldehyde degradation.* However, optimizing crit-
ical process parameters, including grinding duration and Rh/Sb
doping ratios, relies on extensive repetitive experimentation,
substantially increasing research complexity. Furthermore,
chemical doping necessitates multiple sample replications for
different dosages, introducing additional uncertainties in
fabrication. Ion implantation doping, conversely, facilitates
simultaneous substitution at multiple Ti sites within the
perovskite lattice while ensuring stringent dosage control. For
instance, Mo-P co-doping at Ti sites in SrTiO; extends the
optical absorption edge beyond 600 nm.*® In addition, recent
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Fig.1 Schematic diagram of ion implantation on SrTiOs. (drawn by the
OneKey 10 plugin in Microsoft PowerPoint).

first-principles studies have predicted other novel systems, such
as square-octagon haeckelites®® and SiS-Al,SO/blueP-Al,SO van
der Waals heterojunctions,* showing great promise for solar-to-
hydrogen conversion, which provides valuable theoretical
guidance for the design of high-efficiency photocatalysts.
Comparative studies on Fe-ion beam irradiation of RP-phase
SrTiO; have elucidated the differential contributions of Fe
occupancy at Sr versus Ti sites to bandgap reduction.”® Never-
theless, these ion implantation experiments predominantly
focus on single-atom doping effects, neglecting the influence of
dual-atom doping and distinct site-occupancy configurations at
Ti sites on bandgap modulation.* Therefore, this study exam-
ines the effects of various V and Co co-doping configurations at
Ti sites on the band gap of SrTiO;. The selection of these two
elements is supported by solid scientific evidence and unique
merits for material modification. V and Co have a high degree of
ionic radius matching with the host Ti**, and their substitu-
tional doping only induces slight lattice distortion, which
preserves the crystal structure stability of SrTiO;. The syner-
gistic regulation effect of V-Co co-doping still lacks systematic
theoretical investigation, which is exactly the core research
motivation of this work.

This study employs first-principles calculations to investi-
gate the effects of V and Co co-doping on the electronic struc-
ture and photocatalytic activity of SrTiO3, where V and Co atoms
substitute for Ti sites in the lattice. The research focuses on the
electronic and optical properties of the system. The electronic
structure of the co-doped system was analyzed and compared to
gain a deeper understanding of the intermediate states that
reduce the band gap. The synergistic effect on redox capability
was also explored. To verify its feasibility for photocatalytic
water splitting, the alignment of the band edge positions with
the redox potentials of water was carefully analyzed. The results
indicate that V and Co co-doping is an effective strategy for
enhancing the photocatalytic performance of SrTiO; and shows
promising application prospects in the field of visible-light
photocatalysis.
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2. Computational methods
2.1 DFT calculation

This study focuses on the cubic phase of SrTiO; with space
group Pm-3m at room temperature, which exhibits a stable
octahedral framework with a lattice constant of 3.905 A.** In this
structure, vertex-sharing oxygen octahedra form the unit cell,
with Sr occupying the octahedral interstitial sites (0, 0, 0), Ti
positioned at the octahedral center (1/2, 1/2, 1/2), and O located
at (0, 1/2, 1/2). To precisely simulate the synergistic modulation
of electronic structures by V and Co co-doping, a 2 x 2 x 2
supercell model containing 40 atoms (8 Sr, 8 Ti, and 24 O
atoms) was constructed,® as illustrated in Fig. 2. Geometric
optimization was carried out on pristine cubic SrTiO3, yielding
an optimized lattice constant of 3.942 A with a minor deviation
of 1% relative to the experimental value. This finding confirms
the validity of the employed computational approach.

This study systematically investigates the synergistic modu-
lation mechanism of V and Co co-doping on the electronic
structure and optical properties of SrTiO; using first-principles
calculations based on density functional theory.**** The calcu-
lations were performed using the VASP software package,
employing the projector augmented wave (PAW) method to
describe ion-electron interactions and the Perdew-Burke-Ern-
zerhof (PBE) functional to treat exchange-correlation energy.*
Electronic structure calculations utilized a plane-wave cutoff
energy of 520 eV and a 6 x 6 x 6 Monkhorst-Pack k-point
mesh.** Geometric optimization was conducted using the
conjugate gradient algorithm. A 2 x 2 x 2 supercell of SrTiO;
was modeled, where two Ti atoms were substituted with V and
Co respectively to achieve co-doped SrTiO;. All lattice parame-
ters and atomic positions were fully relaxed until residual forces
fell below 0.02 eV A~', with the optimized electronic energy
convergence criterion set to 10™° eV.* In addition, it is well

Fig. 2 The 2 x 2 x 2 supercell structure of (a) the pristine cubic
perovskite SrTiOs, and the (V + Co) co-doped SrTiOsz in the (b) near, (c)
medium, (d) and far configurations. The green, light blue, and red
spheres represent Sr, Ti, and O atoms, respectively. The V and Co
dopant atoms are marked in yellow and brown, respectively. (The
crystal structures were visualized using VESTA software).

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Trajectory diagram of ion beam injection into SrTiOz simulated
by TRIM program.

established that the generalized gradient approximation (GGA)
tends to underestimate the band gap of semiconductors when
describing the strong correlation effects of d-electrons. There-
fore, the GGA + U approach was employed in this work.*” The on-
site Coulomb interaction parameter U for Ti 3d states was set to
4.3 eV, while a value of 3 eV was adopted for the 3d states of
both V and Co.*® All calculations involving the magnetic
dopants V and Co were performed in a spin-polarized manner.

2.2 Feasibility analysis of ion implantation strategy

Due to limited experimental conditions, we employed the TRIM
program based on the Monte Carlo method to simulate the
stochastic scattering process of ions within the target mate-
rial.** This method, guided by probabilistic statistics theory,
approximates solutions to physical problems through extensive
random sampling.*’ In the simulation, V and Co ion beams with
10 keV energy were perpendicularly incident on the SrTiO;
target, with ion distribution peaking at approximately 130 nm.
The program tracked collision trajectories between ions and
target atoms to calculate the energy deposition distribution and
spatial position changes of ions within the material. As shown
in Fig. 3, the simulation results reveal the depth distribution of
incident ions in the target, providing crucial evidence for
analyzing implantation-induced defect formation and
elemental doping concentration. It is important to note that the
TRIM simulation serves solely as a reference for future experi-
mental synthesis design, demonstrating the feasibility of real-
izing such a structure. The subsequent analysis of the electronic
structure and photocatalytic performance is entirely based on
first-principles DFT calculations, which serves as the core
theoretical basis for predicting material properties.

3. Results and discussion
3.1 Electronic properties

To compare the electronic structures of single-doped and co-
doped systems, this study first investigates the electronic
properties of V or Co single-doped SrTiO; by calculating their
band structures and density of states (DOS), as presented in
Fig. 4. Fig. 4(a) and (b) respectively illustrate the DOS charac-
teristics of V and Co single doped systems, revealing that both
introduce mid gap states near the conduction band minimum
(CBM) and valence band maximum (VBM), consistent with
literature reports.** Specifically, in Fig. 4(a), the impurity states

© 2026 The Author(s). Published by the Royal Society of Chemistry
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of the V-doped system originate from the hybridization between
V-3d and O-2p orbitals, with the dominant orbital at the CBM
shifting from Ti-3d to V-3d after doping. In contrast, Fig. 4(b)
shows that the energy states near the VBM of the Co-doped
system are primarily dominated by Co-3d orbitals, accompa-
nied by minor O-2p contributions. Notably, the spin channels of
both doped systems exhibit significant differences: the spin-up
channel demonstrates a narrower band gap (E,) due to easier
electron occupation of low energy levels near the CBM/VBM,
whereas the spin-down channel displays an enlarged band
gap as electrons occupy higher energy levels. Furthermore, the
spin polarization phenomenon observed in the DOS plots of
Fig. 4(a) and (b) indicates ferromagnetism in the systems, which
stems from the d electron spin polarization characteristics of
the V/Co dopant atoms. Similarly, the ferromagnetism induced
by transition metal doping has been widely documented in
other semiconductor systems, such as V or Cr doped Mol; (ref.
42) and Cr or Fe doped MogS;,.*

Based on the electronic structure analysis of single-doped
systems, we calculated the band structures of V and Co co-
doped SrTiO; with various configurations. These were
compared with the band structure of pristine SrTiOj; to further
investigate the influence of impurity bands, as shown in Fig. 5.
Fig. 5(a) reveals that the calculated E, of pure SrTiO; is 2.18 eV,
consistent with previous theoretical reports** but significantly
lower than the experimental value of 3.2 eV. This discrepancy
arises from the inherent limitations of the GGA method.*
Nevertheless, GGA remains reliable for describing fundamental
features of band structures and predicting bandgap variation
trends,*® thus enabling its application in subsequent compar-
ative analyses of co-doped systems.

As shown in Fig. 5(a) for pristine SrTiOj3, the band charac-
teristics of the V and Co co-doped systems with various
configurations were subsequently analyzed. Fig. 5(b)-(d)
demonstrate that, compared to pure SrTiOs, all (V + Co) co-
doped systems form intermediate bands (IBs) within the
bandgap. IBs can act as a springboard to help excite valence
electrons to the CBM under the illumination of a long-wave
light source, thereby increasing the optical absorption. This
beneficial effect dominates because the delocalized nature of
the IBs inhibits their role as recombination centers.

Specifically, V and Co co-doping introduce intermediate
states near the CBM and VBM, respectively. This aligns with the
impurity level positions observed in V or Co single-doped SrTiO;
in Fig. 4. The formation mechanism originates from the charge
compensation effect: when V, acting as a donor impurity,
substitutes Ti, it provides excess electrons that occupy the
conduction band as charge carriers; conversely, Co, as an
acceptor impurity lacking valence electrons, captures electrons
from the valence band, generating holes therein.

Compared to single doping, (V + Co) co-doping exhibits
a distinct synergistic effect by integrating the characteristics of
individual dopants. It simultaneously introduces impurity
levels near both the CBM and VBM, a feature unattainable by
single doping. This enables precise modulation of SrTiO;'s
electronic structure and effectively narrows the bandgap.
Further analysis of Fig. 5(b)—(d) reveals that in (V + Co) co-doped

RSC Adv, 2026, 16, 20883-20894 | 20885
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Fig.4 Calculated spin-polarized band structures (with spin-up and spin-down channels shown on the left and right, respectively) and total DOS

for (a) V-doped and (b) Co-doped SrTiOs.

systems, the dopant-induced states below the Fermi level are
fully occupied. The fully occupied intermediate band states
adjacent to the VBM provide a two-step pathway for optical
excitation to the CBM, which significantly enhances light
absorption and mitigates carrier recombination compared to
localized states in single-doped systems. Moreover, due to the
synergistic effect of charge compensation, these fully occupied
intermediate bands are stabilized energetically and positioned
close to the VBM. For the intermediate and distant configura-
tions in Fig. 5(c) and (d), the CBM exhibits a slight downward
shift compared to the neighboring configuration, further nar-
rowing the fundamental bandgap of the material.

Fig. 6 illustrates the calculated TDOS and PDOS. For pristine
SrTiO;, as depicted in Fig. 6(a), the VBM is formed mainly by O-
2p orbitals, whereas the CBM consists predominantly of Ti-3d
states. This electronic structure aligns with established find-
ings in the literature.”” Given the minimal contribution of Sr
atomic orbitals to the upper valence band and lower conduction
band, their energy states are omitted from the doped density of
states plots. In contrast, Fig. 6(b)-(d) demonstrate that across all
three investigated (V + Co) co-doped SrTiO; configurations, both
VBM and CBM exhibit systematic shifts toward the Fermi level.

20886 | RSC Adv, 2026, 16, 20883-20894

Corresponding to the band structures in Fig. 5(b)-(d), this
redistribution of energy levels results in significant bandgap
narrowing, with measured values of 1.48 eV, 1.15 eV, and
0.93 eV for the three configurations, respectively. The observed
bandgap reduction facilitates electron transitions from the
VBM to the CBM by lowering the excitation energy, thereby
broadening the material's optical absorption spectrum.
Further analysis of Fig. 6(b)-(d) reveals IBs near the valence
band in all three (V + Co) co-doped configurations. The forma-
tion of these impurity bands primarily stems from orbital
hybridization between Co-3d and O-2p orbitals, as the energy of
Co-3d orbitals lies below that of Ti-3d orbitals. Notably, addi-
tional energy levels originating from V-3d and O-2p state
hybridization are observed near the CBM, indicating strong V-O
interactions within the (V + Co) co-doped SrTiO; structure. This
interaction serves as the key factor driving the CBM shift toward
the Fermi level. Moreover, the positions of impurity levels
introduced by V and Co co-doping align with those induced by
single V or Co doping in Fig. 5. For the (V + Co) co-doped SrTiO3
system, the delocalized and fully occupied intermediate bands
generated by p-d orbital coupling effectively reduce the

© 2026 The Author(s). Published by the Royal Society of Chemistry
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material's bandgap width. Collectively, these factors contribute
to a potential reduction in the energy required for
photoexcitation.

Fig. 7 presents the charge density difference mappings of
pristine SrTiO; and (V + Co) co-doped SrTiO; systems, in which
yellow regions correspond to charge accumulation and cyan
regions correspond to charge depletion. For pristine SrTiO;
presented in Fig. 7(a), the charge density is predominantly
localized within the bonding regions of Ti-O bonds, exhibiting
the characteristic mixed ionic-covalent bonding nature of
perovskite oxides, with no distinct extra charge accumulation or
depletion observed. Upon substitution of lattice Ti atoms by V
and Co dopants, remarkable charge redistribution is triggered
in the doped systems: pronounced charge accumulation
emerges around the doped V and Co atoms, whereas notable
charge depletion is detected at the oxygen atoms adjacent to the
dopants. This observation demonstrates that strong orbital
hybridization and charge transfer take place between the
doped V and Co transition metal atoms and their neighboring
oxygen anions, with electrons transferring from the 2p orbitals
of oxygen to the 3d orbitals of V and Co. This trend is in
excellent agreement with the DOS analysis discussed above,
verifying that (V + Co) co-doping enables effective modulation of
the bonding properties and electronic structure of SrTiO;.
Further comparison of the charge distributions across the three
dopant configurations in Fig. 7 reveals that, as the separation
between V and Co dopants increases from the near-neighbor
configuration in Fig. 7(b) to the far-separated configuration in
Fig. 7(d), the localization degree of the charge accumulation
regions gradually decreases, and the charge distribution
becomes more delocalized. Such a delocalized charge distri-
bution not only mitigates the lattice distortion and internal
stress of the system, but also gives rise to the lowest defect
formation energy and superior thermodynamic stability for the
far-separated dopant configuration.

Fig. 7 Calculated charge density difference plots for (a) pristine
SrTiOs, and (V + Co) co-doped SrTiOs in the (b) near, (c) medium, and
(d) far dopant configurations. The yellow and cyan regions represent
charge accumulation and charge depletion, respectively. The green,
gray, and red spheres denote Sr, Ti, and O atoms, respectively.
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To assess the experimental difficulty of dopant incorporation
into the lattice, we calculated the formation energy (E;) of
different doping systems, where a lower Ef indicates easier
doping formation. The formation energy for the (V + Co) co-
doped SrTiO; system is defined as:*®

Ef = Edoped - Epure + ntikti — ByMdy — HCoMCo [1)

where Epue and Egopea denote the total energies of the pure
SrTiO; system and (V + Co) co-doped SrTiO; system, respec-
tively. Here, n, is the number of dopant atoms of element X, and
iy is the chemical potential of element X.

In this work, we further considered the influence of the
oxygen growth environment (namely O-rich and Ti-rich growth
conditions) on the defect formation energy. Under thermody-
namic equilibrium between the SrTiO; phase and the chemical
reservoirs of Sr, Ti, and O elements, the following relationship
holds:

usr + pti + 3po = UsiTio, (2)

where ug;, uri, and ue are the chemical potentials of Sr, Ti, and
O elements, respectively. In this study, us, and ur; are calculated
from the average energy per atom in the corresponding bulk
pure metal crystals. Under O-rich growth conditions, we place
an O, molecule in a 10 A x 10 A x 10 A cubic periodic box for
calculation, and take the average energy per atom of the O,
molecule to simulate uo, while wr; is determined by formula (2).
Under Ti-rich growth conditions, uy; is taken as the average
energy per Ti atom in bulk metallic Ti. Table 1 lists the calcu-
lated formation energies of the doped SrTiO; systems. Under Ti-
rich conditions, the formation energies of the three (V + Co) co-
doped configurations are all negative. This indicates that V and
Co atoms preferentially occupy the Ti sites in the SrTiO; lattice.
Such substitution forms a stable co-doped configuration.
Thermodynamically, this process is feasible for synthesis. In
contrast, under O-rich conditions, the formation energies of the
three configurations are all positive. The V and Co co-doping
process under O-rich conditions requires overcoming a higher
energy barrier. This discrepancy may arise from enhanced
interactions between dopant atoms and oxygen atoms under O-
rich conditions, or from increased lattice distortion, thus
significantly increasing the synthesis difficulty.

Additionally, Fig. 8 presents the evolution of the defect
formation energy as a function of the Ti chemical potential for
various (V + Co) co-doped SrTiO; systems. As can be observed
from the figure, the defect formation energies of the three

Table 1 Calculated defect formation energies of (V + Co) co-doped
SrTiOs under O-rich and Ti-rich conditions, and the binding energies
and dopant separations of defect pairs

Distance of

Dopants EPTN (ey)  EFTTN (ev)  Ey(eV)  dopants (A)
(V + Co)-near 9.71 ~17.202 0389  3.911
(V+ Co)medium 9.6 —17.312 0.3761  5.531
(V + Co)-far 9.329 —17.583 0.317 6.774

© 2026 The Author(s). Published by the Royal Society of Chemistry
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distinct doped systems increase monotonically with rising Ti
chemical potential, which demonstrates that Ti-rich growth
conditions are more conducive to the formation of these doping
defects. Furthermore, the defect formation energies of the three
co-doped systems can be clearly resolved, with the magnitude
following the order: E{V + CO)pear > EHV + CO)medium > Ef(V +
CO)gr- Under identical thermodynamic conditions, the farthest-
separated co-doped system exhibits the best structural stability,
as it possesses the lowest defect formation energy.

To investigate the coupling strength between V-Co doping
pairs and their impact on system stability in co-doped models,
we calculated the defect pair binding energy (Ep), defined as
follows:*

Ey = Evasitio, T Ecomsrtio, — Erv+coy@sitio, — Esrtio,  (3)

where Evgsrrio,s Eco@sirio, E(v+cojmsrrio, and Esrrio, represent
the total energies of V-doped SrTiO3, Co-doped SrTiOs, (V + Co)
co-doped SrTiO;, and pristine SrTiOj;, respectively, calculated
under identical supercell conditions. A positive E}, value indi-
cates that the co-doping defects are more stable relative to
isolated single defects. Table 1 summarizes the distances
between V and Co in different configurations and their corre-
sponding E}, values. Distances between adjacent elements on
the same surface were directly extracted from CASTEP result
files, while distances between other elements were measured as
linear distances using visualization software. As shown in Table
1 exhibit positive E; values, confirming that the co-doped
systems possess higher stability than single-doped systems.
Further analysis reveals that the E;, values follow the order:
EQHCO)_HEH > E£V+Co)-medium > Eg)v-v—Co)»far‘ This trend can be
attributed to the decrease in charge transfer between V and Co
as the distance increases. In the near-neighbor configuration, vV
and Co enable greater charge transfer, forming a stronger
charge compensation effect, which releases more energy and

© 2026 The Author(s). Published by the Royal Society of Chemistry
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significantly enhances system stability. Conversely, in the far-
distance configuration, charge transfer is limited, the syner-
gistic effect weakens, and the binding energy decreases
accordingly. Therefore, the synergistic effect of Vand Co doping
is the key factor leading to the enhanced stability of the co-
doped system.

In the optimized pure SrTiO; structure, atomic positions are
labeled as shown in Fig. 2(a), with Ti;—Ti,, Ti;—-Tis, and Ti;-Ti,
distances measuring 3.943 A, 5.576 A, and 6.829 A, respectively,
and the Ti-O bond length being 1.971 A. For the three V-Co co-
doped systems, the V atom consistently occupies the Ti, site,
while the Co atom substitutes at the Ti,, Tis;, and Ti, sites,
respectively. As presented in Table 1, the optimized V-Co
distances are 3.911 A, 5.531 A, and 6.774 A, all exhibiting
significant contraction compared to the corresponding Ti-Ti
distances in pure SrTiOs.

Additionally, as shown in Table 2, the Co-O bond lengths in
the three co-doped models are 1.9448 A, 1.9448 A, and 1.9516 A,
respectively, which are all shorter than the pre-doping Ti-O
bond length of 1.971 A. This reduction arises because Co, as
a transition metal, exhibits stronger hybridization between its
3d orbitals and O-2p orbitals, resulting in enhanced covalency
and consequently shorter Co-O bond lengths. This indicates
that the covalent character of Co-O bonds is stronger than that
of Ti-O bonds. Similarly, the V-O bond lengths in all three co-
doped cases are markedly shorter than the Ti-O bond length
in pure SrTiOj;. This is attributed to the smaller atomic radius
of V, whose substitution at Ti sites induces local lattice distor-
tion. However, the optimized configurations confirm that the
overall perovskite framework remains intact without structural
collapse, verifying the structural stability of the doped systems.
The relatively short V-O bond lengths suggest strong bonding
interactions between V dopant atoms and neighboring O atoms.

Meanwhile, the Ti-O bond lengths in all three co-doped
models exceed those in pure SrTiO;. This indirectly reflects
weakened bonding capability between Ti and O atoms, likely
due to the occupation of Ti sites by V and Co dopants, which
alters the electron cloud distribution around Ti and reduces the
covalency of Ti-O bonds.

As previously mentioned, the GGA method employed in this
study tends to underestimate the bandgap of materials.
Although this underestimation does not affect the qualitative
analysis of bandgap variations or the investigation of funda-
mental electronic structure properties, the error introduced by
bandgap underestimation becomes significant when predicting

Table 2 Calculated bond lengths of Ti-O, V-0, and Co-0O in pure
and co-doped SrTiOs with different configurations

Bond length (A)

Dopants Ti-O V-0 Co-O
Pure 1.971 — —

(V + Co)-near 2.0123 1.9024 1.9448
(V + Co)-medium 2.0217 1.9019 1.9448
(V + Co)-far 2.0133 1.9004 1.9516
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semiconductor band edge positions directly related to redox
potentials and optical absorption characteristics. To compen-
sate for this systematic deviation, a widely adopted correction
strategy is the introduction of a “scissor operator”.*® In this
work, the value of the scissor operator (1.02 eV) is set as the
difference between the calculated bandgap of pure SrTiO; (2.18
eV) and its experimental value (3.2 eV).** It should be noted that
this rigid correction assumes a consistent bandgap underesti-
mation across different systems, which serves as an approxi-
mation primarily used to analyze relative bandgap trends rather
than providing absolute precise quantitative values. Neverthe-
less, such qualitative trends are valid for understanding doping
effects and guiding experimental design. Table 3 lists the
bandgap values before and after applying the scissor operator
correction.

The alignment between the band edge positions of a semi-
conductor and the standard redox potentials of water splitting
serves as the core thermodynamic criterion for quantitatively
assessing the photocatalytic hydrogen evolution performance of
different (V + Co) co-doped SrTiO; systems. Accordingly, in this
work, we calculated the absolute energy levels of the CBM and
VBM for all systems using a well-established empirical formula.
The calculation formula for the CBM energy level is given by:*

1
7Eg - E() (4)

Ecp =X —
CB 2

In this equation, E, is the band gap value of the target
semiconductor system obtained from our first-principles
calculations. X represents the absolute electronegativity of the
perovskite oxide, which is calculated as the geometric mean of
the absolute electronegativity of each constituent atom in the
system. E, refers to the energy of free electrons on the hydrogen
scale (~4.5 eV).

The VBM energy level of each system was further derived
from the intrinsic linear relationship between the CBM energy
level and the band gap, as shown in the following equation:

EVB = ECB + Eg (5)

Based on the above-calculated absolute CBM and VBM
energy levels, we plotted the band alignment diagrams of three
distinct (V + Co) co-doped SrTiO; systems and pristine SrTiO;,
with all energy levels calibrated against the standard redox
potentials of water splitting. The corresponding band align-
ment results are summarized and presented in Fig. 9. The
calculated results indicate that for pure SrTiOs;, the CBM is

Table 3 The Eg of pure and doped SrTiO3, with and without scissors
operator correction

E, (eV)
Dopants Eq (eV) with scissor operator (1.02 eV)
Pure 2.18 3.2
(V + Co)-near 1.48 2.5
(V + Co)-medium 1.15 2.17
(V + Co)-far 0.93 1.95
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Fig. 9 Band alignment diagram of pure and V-Co co-doped SrTiOz
with respect to water redox potentials. (Blue: valence band, red:
intermediate band states, green: conduction band).

higher than the water reduction potential, and the VBM is lower
than the water oxidation potential, which is consistent with
previous studies.*® In all three (V + Co) co-doped SrTiOj; systems,
impurity bands appear within the forbidden gap. These fully
occupied bands can act as “stepping stones” connecting the
VBM and CBM, enabling photogenerated electrons to be
directly excited from the impurity band to the conduction band.
As shown in Fig. 9, (V + Co) co-doping effectively narrows the
band gap by introducing delocalized energy levels, while also
significantly perturbing the positions of the VBM and CBM. In
the tri-(V + Co) co-doped SrTiO; system, the VBM and CBM
positions straddle the water redox potentials, simultaneously
satisfying the thermodynamic requirements for photocatalytic
water splitting and reducing the band gap. These results
demonstrate that (V + Co) co-doping can enhance the photo-
catalytic activity of SrTiO;.

3.2 Optical properties

The optical absorption coefficient was derived from the imagi-
nary part of the dielectric function under the independent
particle approximation (IPA), as described by the following

formula:**
a(w) = \/iw\/\/m(w)z + & (W) — &1(w) (6)

where w is the angular frequency, and ¢;(w)and ¢,(w) are the real
and imaginary parts of the complex dielectric function,
respectively. Due to the tensor nature of the dielectric function,
the average values of &, ¢, and ¢, were calculated.

It is important to note that the IPA neglects excitonic effects
and local field effects. For materials like SrTiO; with high
dielectric constants, the IPA can reasonably describe the trend
of optical absorption, though it may underestimate the
absorption intensity. Excitonic effects, which are not considered
here, could affect the precise prediction of exciton binding
energies, but they do not alter the qualitative conclusions
regarding bandgap narrowing and the redshift of the absorp-
tion edge.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 10 (a) Optical absorption spectra and (b) reflection spectra of pure and (V + Co) co-doped SrTiOs.

We calculated the optical absorption coefficients of three (V
+ Co) co-doped SrTiO; systems and compared them with the
results of pure SrTiOs, as shown in Fig. 10(a). The calculation
results show that the optical absorption coefficient of pure
SrTiO; is consistent with previous experimental and theoretical
results,” and its absorption is limited to the ultraviolet region,
with almost no activity in the visible light region.

In contrast, all (V + Co) co-doped SrTiO; systems exhibit
significant optical absorption activity in the visible light region,
with their absorption spectra showing obvious redshift. New
absorption peaks appear at 300 nm, 420 nm, and 455 nm for the
near, medium, and far configured systems, respectively. More-
over, as the configuration changes from near to far, the intensity
of the absorption peaks progressively increases, which strongly
correlates with the gradual narrowing of the band gap. This
phenomenon is mainly attributed to the introduction of fully
occupied IBs near the VB and CB, which promote electron
transitions to the conduction band.

Notably, the position of the new absorption peaks correlates
with the location of the IBs within the bandgap, such that the
closer the IB is to the VB or CB, the more the absorption spec-
trum shifts toward longer wavelengths. Furthermore, the
absorption intensity in the visible light region for the medium
and far configurations is significantly higher than that for the
near configuration, which is due to their smaller bandgap
widths, extending the maximum absorption edge from 390 nm
to 650 nm. In summary, co-doping SrTiO; with V and Co
significantly enhances its optical absorption, highlighting its
promise as a visible light photocatalyst.

Furthermore, reflectance and its reflective property are also
important characteristics for evaluating the application
performance of photocatalytic materials. Fig. 10(b) shows the
reflectance of pure SrTiO; and three (V + Co) co-doped SrTiO;
systems in the visible light region. The results indicate that pure
SrTiO; exhibits a reflectance of approximately 35% across the
entire visible light range. In contrast, the reflectance of the near,
medium, and far co-doped configurations in the visible light
region drops significantly to about 25%. This decrease in
reflectance can be attributed to the enhanced performance of
the (V + Co) co-doped SrTiO; system. Overall, the co-doped

© 2026 The Author(s). Published by the Royal Society of Chemistry

SrTiO; material not only demonstrates high light absorption
capacity in the visible light range but also possesses low
reflectance. The synergy between these two factors significantly
improves the material's solar light collection efficiency,
providing strong support for its application in practical photo-
voltaic devices.

4. Conclusion

This study employs first-principles calculations to systemati-
cally investigate the effects of V and Co co-doping on the elec-
tronic structure and photocatalytic performance of SrTiO;. The
calculation results indicate that the Ey, for all co-doped config-
urations is positive and decreases with increasing V-Co
distance, which confirms that the co-doped system possesses
higher structural stability than single-doped systems. The co-
doping of V and Co induces strong hybridization among V-3d,
Co-3d, and O-2p orbitals, forming a fully occupied and highly
delocalized IBs near the valence and conduction band edges.
This band facilitates the separation of photogenerated electron-
hole pairs and reduces the probability of electrons being trap-
ped by defects near the conduction band. Furthermore, the
combined effect of V-O hybridization and Co-O coupling
effectively narrows the band gap of SrTiO; from 3.2 €V to 2.5 eV,
2.17 eV, and 1.95 eV for the near, medium, and far configura-
tions, respectively, significantly extending its light absorption
range into the visible region while causing a substantial
decrease in reflectivity. Therefore, V and Co co-doped SrTiO;
can not only split water for hydrogen production under visible
light but also significantly enhances its photocatalytic efficiency
by reducing the recombination centers for photogenerated
carriers.
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