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Abstract: In this research, we thoroughly studied the electronic properties and optical absorption
characteristics with double-hole coupling of anions–anion combinations for designing effective
photocatalysts for water redox using first-principles methods within the hybrid Heyd–Scuseria–
Ernzerhof (HSE06) exchange–correlation formalisms. The findings reveal that the values of formation
energy of both the anion mono- and co-doped configurations increase monotonically as the chemical
potential of oxygen decreases. The N–N co-doped BaTiO3 exhibits a more favorable formation energy
under an O-poor condition compared with other configurations, indicating that N and N pairs are
more likely to be synthesized successfully. Interestingly, all the co-doping configurations give a band
gap reduction with suitable position for oxygen production and hydrogen evolution. The obtained
results demonstrate that all the co-doped systems constitute a promising candidate for photocatalytic
water-splitting reactions. Furthermore, the enhanced ability of the anionic-anionic co-doped BaTiO3

to absorb visible light and the positions of band edges that closely match the oxidation-reduction
potentials of water suggest that these configurations are viable photocatalysts for visible-light water
splitting. Therefore, the wide-band gap semiconductor band structures can be tuned by double-hole
doping through anionic combinations, and high-efficiency catalysts for water splitting using solar
energy can be created as a result.

Keywords: anionic–anionic co-doping; BaTiO3; Heyd–Scuseria–Ernzerhof (HSE06); photocatalytic
water splitting

1. Introduction

The search for new renewable and clean energy sources has drawn considerable
attention in recent years, owing to the increasing serious environmental challenges rooted
in fossil fuel usage and resource depletion [1]. One of the most competitive methods for
providing a cheap and ecologically acceptable energy source is photocatalytic hydrogen
synthesis from water reduction, which can be considered a clean and sustainable strategy
for resolving energy problems [1–3]. A variety of photocatalysts based on oxide materials
have received extensive attention in research because of their strong photocatalytic activity,
nontoxicity, and chemical stability [4]. Among them, Barium titanate (BaTiO3) is a common
ferroelectric compound with a perovskite structure and large band gap of 3.0–3.3 eV [5]. The
most crucial feature is that it has the appropriate band positions to split water into hydrogen
and oxygen [6–10]. This means that the valence band (VB) and conduction band (CB) edges
of BaTiO3 are in the suitable positions, which satisfies the thermodynamic condition for
the water-splitting reaction [5]. The ultraviolet part of the solar energy spectrum, which
makes up only 5% of it, has fewer practical applications due to the high band gap of this
material. It is conventionally known that more than 45% of solar irradiance is visible light.
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Therefore, to enhance visible-light photocatalytic performance, it is crucial to design active
photocatalysts that operate in this region. Doping impurity elements into crystal lattices
is a common and effective method for modifying the electronic structure and band gap
position in semiconductors.

Numerous studies [11–21] have recently used the doping of metal and non-metal
elements into semiconductors to change the optoelectronic properties. For instance, experi-
mental research by Upadhyay et al. [12] shows that adding 2.0% Fe to BaTiO3 results in
a noticeable improvement in photocurrent density and a decreasing in band gap because
Fe 3d states exist within the band gap region. Nageri and Kumar [13] suggested that
Mn-doped BaTiO3 illustrated higher visible-light-driven photocatalytic activity, which was
primarily caused by the energy states connected to the dopants and oxygen vacancies.
Demircivi et al. synthesized a W-doped BaTiO3 nanocomposite photocatalyst and observed
that it was more effective in degrading tetracycline than both undoped and highly doped
BaTiO3 at lower doping levels. This may be because less electron-hole recombination oc-
curs [14]. It has also been demonstrated that Rh-doped BaTiO3, which can produce H2 from
water through a photocatalytic process, has two absorption bands in the visible-light spec-
trum [15]. Recently, Pie et al. investigated the photocatalytic properties of Mo in BaTiO3,
indicating that doping with 4d metal Mo achieved band-to-band visible-light absorption
and showed a striking rise in hydrogen-generation efficiency in contrast to the pristine
material [16]. In comparison to the undoped BaTiO3, Cao et al. [17] discovered that BaTiO3
doped with anionic N had a lower band gap and increased activity of photo-degradation
to Rhodamine-B under irradiation within the visible region, mostly because the valence
bandwidth was widened.

On the theoretical side, it has been indicated that doping with various metal impurities
modifies the crystal structures and electronic properties of cubic BaTiO3 [18]. It has also
been reported that by substituting a metal dopant at Ba or Ti site into a BaTiO3 lattice,
the electronic nature and impurity ionic size have a direct effect on the stability and the
formation of oxygen vacancies [18]. According to the computed results published by
Yang et al. [19], band gap energy of BaTiO3 may be reduced and hole mobility increased
by replacing Ti with main group elements including metal (Mo, Tc, Ru, Pd) and transition
metal (Cr, Mn, Fe, Co, Ni) atoms. Our previous studies indicated that the electronic
structures of BaTiO3 have been modified by doping rare earth into either Ba or Ti sites using
first-principles calculations [20,21]. Recently, Huang et al. [22] reported the effect of doping
chalcogens at O site into BaTiO3 on optical absorption and photocatalytic water splitting.
They discovered that the presence of the p-energy state of dopants at the minimum of CB
results in the reducing of the band gap and the improvement of the visible range.

Mono-doping, which is the process of adding cations or anions to semiconductors,
typically results in the generation of dopant states within the band gap, which could operate
as the recombination site for photo-generation of charge carriers and lower photocatalytic
activity. This will destroy the photocatalytic activity of photocatalysts. Co-doping with
metal cations and anions in large band gap semiconductors has garnered much interest as
a solution to these issues [22–24].

Separating photogenerated holes and electrons is made easier by the compensated
nature of co-doping with a cation-anion pair, which also passivates the dopants bands and
lowers the band gap to a reasonable value [25,26]. As a result, donor-acceptor pairs such
as transition metal (MT = V, Nb, Ta, Mo, and W) and anion (X = N, C) atoms are typically
used to adjust the band gap of semiconductor-based photocatalysts like TiO2 [27–30],
SrTiO3 [30,31], NaNbO3 [32,33], KNbO3 [34], La2Ti2O7 [35], and BaTiO3 [36,37]. In addition
to cation-anion co-doping, double-hole co-doping has become a successful approach for
modifying the band gap of photocatalysts based on perovskite such as SrTiO3, NaTaO3,
and KNbO3 [38–40]. The band gap is greatly minimized as a result of anionic-anionic
co-doping, which also produces completely occupied delocalized intermediate states above
the valence region, while increasing the overall stability [41].
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In this study, we investigated the impact of double-hole-mediated coupling on the
electronic structures and the photocatalytic water-splitting performance of BaTiO3 by per-
forming hybrid density functional theory (DFT) computations. By analyzing the geometri-
cal crystal structures, energies of formation, electronic properties, and optical absorption
characteristics of anion mono- and co-doped BaTiO3, we distinctly demonstrate that anion-
anion (N–N, C–S, N–P, and P–P) coupling combinations can successfully reduce the band
gap by adding an intermediate filled and delocalized state and can also produce attractive
band alignments that are suitable for photo-electrochemical water splitting. This type of
double-hole-mediated co-doping, for example, is a successful way to modify the band
structures of a large band gap photocatalyst and then improve the performance of the
photocatalytic ability of photocatalysts, including visible-light water splitting.

2. Computational Details

The Quantum Atomistix ToolKit (QuantumATK) software package, which is based on
the local integration of the atomic orbitals method and density functional theory (DFT),
was used to perform the reported computations [42]. The exchange and correlation energy
functionals have been expressed using the Perdew–Burke–Ernzerhof generalized gradient
approximation [43]. The pseudopotential of norm-conserving PseudoDojo was used to
define the interaction between ion nuclei and valence electrons [44]. Self-consistent field
simulations with a tolerance limit of 10−8 Ha were used to determine energy convergence.
PseudoDojo-medium was chosen as the basis set, and a mesh cut-off energy of 90 Ha was
used. A force on each atom was reduced to 0.05 eV/Å by minimizing the total energy
of the system using the Broyden–Fletcher–Goldfarb–Shanno (LBFGS) approach, which
led to the stable arrangement of the atoms and the lattice parameters. A 4 × 4 × 3 and
10 × 10 × 8 Monkhorst–Pack [45] k-grid was used for the Brillouin Zone integration in
performing geometry optimization and electronic calculations. The accurate band gap
energy and optical properties of semiconductors were predicted using the Heyd–Scuseria–
Ernzerhof (HSE06) more precise hybrid density functional [46,47]. Short-range (sr) and
long-range (lr) components of the exchange and correlation energy in the HSE function
were defined as:

EHSE
xc (µ, α) = αEHF,sr,µ

x + (1 − α)EPBE,sr,µ
x + EPBE,lr,µ

x + EPBE
c (1)

where µ denotes the parameter defining the range separation of Coulomb kernel
(µ = 0.2/Å), α is the mixing parameter of 0.25, and Ex and Ec represent the exchange
and correlation contributions, respectively.

3. Results and Discussion

In the pristine cubic BaTiO3 structure, Ba atoms are situated at the eighth apexes of
the cube corner, Ti atoms occupy the center of the octahedron, and O atoms are located
at the face centers, forming a symmetric octahedron (TiO6), as illustrated in Figure 1.
The computed lattice parameters and Ba–O (2.85) and Ti–O (2.02) bond lengths are in
good agreement with the experimental measurements [48] and values of previous theoret-
ical studies [20,21,36,49]. The electronic band structure and density of state (DOS) were
computed using HSE06 functional, as shown in Figure 1. The obtained direct band gap
of 3.0 eV is more compatible with both experimental results [5] and previous reported
results [20,21,36,49]. The analysis of the DOS figure shows that the VB and CB edges
principally consist of O 2p states and Ti 3d states, respectively. Nevertheless, the absence of
any Ba electronic states around the maximum valence edge and lowest conduction edge
suggests that Ba merely contributes to the structure of BaTiO3 and has no impact on the
electronic structure close to the Fermi level.
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tute the two nearby O atoms at the same level, marked with orange circles in Figure 1, is 
more stable than others [38–40]. In this case, we look only at this particular lowest-energy 
design. The lattice constants of the modified systems are gathered in Table 1. For all co-
doping systems, the lattice constants of the relaxed structures decreased due to the incor-
poration of an anionic element. 
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S 8.070 8.064 8.423 - −4.31 0.94 
P 8.012 8.012 8.232 - −2.08 3.18 

N−N 8.088 8.015 8.088 1.317 −17.53 −6.23 
C−S 8.267 8.017 8.107 2.179 −11.89 −1.32 
N−P 8.297 8.024 8.086 3.038 −13.12 −2.62 
P−P 8.321 7.980 8.321 4.637 −8.79 1.72 

To investigate the relative stability of co-doped configurations, we determined the 
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Figure 1. (a) The optimized supercell structure of 2 × 2 × 2 supercell and (b) calculated band
structure and total and partial DOS of pristine BaTiO3. (Ba in green, Ti in light blue, O in red, orange
circles of doping atoms).

For mono- and co-doped systems, a 2 × 2 × 2 supercell approach is adopted with
periodic boundary conditions, consisting of 8 Ba, 8 Ti, and 24 O atoms. The anionic mono-
doped configuration is modeled by replacing one of the anion dopants (N, P, C, S) with one
of the O atoms in the BaTiO3 supercell. It has been discovered that the anionic–anionic co-
doped BaTiO3 system, which is constructed by utilizing two anionic dopants to substitute
the two nearby O atoms at the same level, marked with orange circles in Figure 1, is more
stable than others [38–40]. In this case, we look only at this particular lowest-energy design.
The lattice constants of the modified systems are gathered in Table 1. For all co-doping
systems, the lattice constants of the relaxed structures decreased due to the incorporation
of an anionic element.

Table 1. The optimized lattice parameters, and the formation of energy for pristine and mono- and
co-doped BaTiO3.

a (Å) b (Å) c (Å) Eb (eV)
Ef (eV)

Ti-Rich O-Rich

Pure 8.005 8.005 8.005 - - -
N 8.014 8.014 8.014 - −10.10 −2.75
C 8.008 8.008 8.073 - −5.33 −0.08
S 8.070 8.064 8.423 - −4.31 0.94
P 8.012 8.012 8.232 - −2.08 3.18

N–N 8.088 8.015 8.088 1.317 −17.53 −6.23
C–S 8.267 8.017 8.107 2.179 −11.89 −1.32
N–P 8.297 8.024 8.086 3.038 −13.12 −2.62
P–P 8.321 7.980 8.321 4.637 −8.79 1.72

To investigate the relative stability of co-doped configurations, we determined the
binding energy (Eb) by adopting the following relation:

Eb = EA1 − EA2 − Epure + EA1+A2 (2)

where Epure, EA1, EA2, and EA1+A2 are the total energies of pure, (first anion, A1) mono-
doped, (second anion A2) mono-doped, and (double-hole, A1 + A2) co-doped BaTiO3,
respectively. The calculated values of binding energy are gathered in Table 1. The computed
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binding energy values are positive for the investigated double-hole co-doped systems,
which contribute to its stability relative to the analogous mono-doped systems.

To determine the best growth circumstances for different doped configurations, we
computed the formation energy, Ef, using the following equation [50,51]

E f = Edoped − Eundoped − nXµX + nOµO (3)

where Eundoped and Edoped denote the total energies of the pure and doped BaTiO3 supercell.
The number n represents the addition or subtraction of dopant and host ions. The chemical
potential of the X (N, P, S, C) and O atoms are denoted by the symbols µX, and µO,
respectively, and depend on the parameters of the experiment. The formation energy is
dependent on the chemical potentials of the host atoms represented by the environment
because defects occur in response to the experimental growth or annealing process. As
a stable structure, the chemical potentials of the BaTiO3 and the constituent Ba, Ti, and
O atoms should satisfy the following expression:

µBa + µTi + 3µO = µBaTiO3 (4)

where µBa is computed from the total energy of one atom of Ba in bulk crystal structure. For
Ti-rich conditions, the µTi can be obtained in the ground state with energy of bulk Ti and
µO estimated according to the Expression (4). Under O-rich conditions, µO is determined
as the total energy of O2 molecules. The variable µX is the energy of a single X atom inside
a cube with a side length of 10 Å. The calculated energies of formation for anionic mono-
and co-doped are summarized in Table 1 as well as illustrated in Figure 2. It reveals that a
larger negative value of formation energy illustrates a thermodynamically more favorable
co-doping procedure. The findings imply that the formations of all configurations are
conceptually beneficial because of the negative formation energy. The analysis in Figure 2
shows that N mono-doping is proven to be more advantageous than in other mono-doping
cases, a result which can be ascribed to the similar radii of atoms. In addition, the values
of formation energy of anion mono-doping rise when the µO varies from O-poor and
O-rich environments. This shows that this type of doping is easily formed under O-poor
conditions. It is found that anionic co-doping has much lower formation energy than the
comparable mono-doping, which is energetically favorable in O-poor conditions. This
is mainly owing to the stronger interaction between anionic and anionic atoms in the
former. It should be noted that N–N-co-doped BaTiO3 exhibits a more favorable energy of
formation compared with the other configurations, indicating that N and N combinations
are more likely to be synthesized successfully.

Next, we investigated the impact of anion mono-doping on the electronic structures
of BaTiO3. In the case of anionic mono-doping, the overall electron number may in-
crease or decrease in comparison to that of a pristine BaTiO3, in which spin-polarization
calculations are performed to handle these mono-doped systems. For N-mono-doped
BaTiO3, as an N-dopant contains one less valence electron compared with an O atom, the
N-doping is one electron deficient. This is reflected in asymmetrical DOSs with regard to
the electrons in the spin-up and spin-down channels, as displayed Figure S1, exhibiting a
magnetic nature with total magnetic moment of +1.0 µB. This is principally coming from the
N atom (+0.954 µB). When the N impurity substitutes the O atom, one acceptor level in
the band gap is generated. These unfilled states superior to the Fermi level are extremely
unfavorable for photocatalytic activity, as a result of their ability to trap charge carriers
and speed up the electron-hole combination procedure. The photocatalytic performance
may be impacted by the partially filled impurity levels near the Fermi level, which could
serve as an electron-hole recombination junction. For P-mono-doped BaTiO3, replacing
one O atom with one P impurity will also result in the formation of a single acceptor,
because the P atom has one less valence electron than O atoms. P-doping introduces local-
ized levels that arise in the majority and minority spin channel. Therefore, an additional
hole was formed in the system which was followed by a spin-polarization effect. These
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results show a magnetic behavior. Moreover, the total magnetic moment obtained is 1.0 µB,
primarily due to the P atom (0.904 µB). Below the Fermi level, there are several occupied
localized states that mostly result from the combining of P 3p and O 2p states. Additionally,
it is discovered that a number of empty dopant states, primarily caused by P-3p localized
states, exist close to the minimum of CB. For C-doping, the introduction of two acceptor
levels into the BaTiO3 lattice results from the substitution of O with C. The total magnetic
moment of C-doping of + 2.002 µB is determined by spin-resolved calculations, which
originates mainly from the C atom with local moment of (+1.741 µB). At the maximum
valence band, it is evident that a number of dopant states, largely composed of C-2p orbitals,
are present. Surprisingly, above the Fermi level, no unoccupied localized dopant states are
visible. The absence of uninhabited localized bands above the Fermi level is mentioned.
It also has a narrow effective band gap of 2.22 eV, making it a reasonable photocatalyst
for the visible region. In the case of S-doping, the S atom has the same number of valence
electrons as O atoms and, as a result, the interaction between S 3p states and Ti 3d states
occurs when one S atom replaces one O atom. As can be observed from the DOS shown in
Figure S2, there appear to be occupied localized bands above the valence region that are
generated by S 3p states and O 2p states, whereas the minimum CB is made up of Ti states.
Without empty localized states arising beyond the Fermi level, the band gap is found to be
2.24 eV, which is advantageous for the absorption of visible light.
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BaTiO3 mono-doped with anionic elements, as demonstrated above, produces certain
impurity states within the band gap, thus narrowing the gap region. These in-gap states
have certain drawbacks for photocatalytic water splitting since they could serve as sites for
the capture and recombination of photo-generated electrons and holes, which would reduce
the efficiency of photon conversion. In fact, the double-hole-mediated anionic co-doping of
BaTiO3 with N–N, C–S, N–P, and P–P atom combinations may compensate for the charge
without the formation of unfilled bands above the Fermi level. In N–N co-doped systems,
the replacement of two near-neighboring O atoms by two N-dopants introduces two net
holes and a new N-N bond is created in which the bond length distance is 1.518 Å. The
obtained value is much shorter than that of the distance of 2.830 Å between two O atoms
for the pristine BaTiO3, indicating the strong coupling between the two N atoms. The band
structure and DOS are calculated to study the impact of N–N co-doping on the electronic
characteristics of BaTiO3, as shown in Figure 3a. The HSE06 calculation predicts a band
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gap of 1.55 eV that is notably lower than the pure compound owing to the existence of the
intermediate states located above the valence band. Additionally, since no acceptor states
are seen beyond the Fermi level, the recombination effects will be lower than they would be
in an N mono-doped system. Note that two completely occupied states are created within
the band gap after the N–N co-doping. According to the PDOS, the edge of the VB of N–N
co-doped configuration is mainly contributed to by O 2p states, whereas the edge of the CB
is dominated by Ti 3d states.
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Most filled-in gap states are situated above the VB as a result of the strong mixture
between the Ti 3d, and N 2p states, as well as the strong coupling between the O 2p states.
Additionally, no acceptor states can be seen above the Fermi level, proving that there will
be significantly fewer recombination sites than in the case of N mono-doping. Thus, these
unoccupied dopants states that manifest in the mono-doping system can be eliminated
by such double-hole N–N co-doping. The P–P co-doping into BaTiO3 is nearly identical
to the N–N co-doping, because it likewise has two net holes. The P–P bond distance is
found to be 2.109 Å. The analysis in Figure 3b shows that the edges of VB and CB are
predominantly composed of the P 3p states and Ti 3d states, respectively. When two P atoms
are in close proximity to one another, the unpaired 3p electrons of the two neighboring
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P atoms hybridize with one another and create a bonding band and an anti-bonding band,
since each of the P atoms has one unpaired electron. The latter hybridization introduces
three completely occupied sub-bands above the VB edge, while the anti-bonding state
is situated near the minimum of CB. Interestingly, there is no unfilled impurity states in
the band gap region. The calculated band gap of P–P co-doping is found to be 1.70 eV,
which would undoubtedly increase the visible radiation photocatalysis and decrease the
recombination losses. For N–P co-doped BaTiO3, co-doping with N and P introduces two
net holes, one from the N atom and the other from the P atom. The DOS of the co-doping
configuration is shown in Figure 3c, in which fully occupied states appear just above the
maximum of VB, so no unoccupied localized states are between the VB and CB edges.
Therefore, the band gap is reduced due to 1.64 eV. The N–P bond length obtained is 1.79 Å.
Additionally, above the maximum of VB, completely filled dopant states are produced by
the admixture of N 2p, P 3p, and O 2p states. This also represents a reliable link between
the N 2p and P 3p states caused by double holes.

We also investigated the C–S co-doping in a BaTiO3 supercell. The geometry optimiza-
tion shows that the C–S bond length distance is found to be 1.85 Å, which is much shorter
than that of O–O (2.85 Å, proving the strong coupling between C and S atoms). According
to the PDOS displayed in Figure 3d, completely occupied states are produced above the up-
per limit of VB, reducing the band gap to 1.55 eV. Moreover, the maximum of VB consists of
O 2p states and the lower limit of CB is made up of Ti 3d states. Unlike the N–N co-doping,
the C atom is responsible for the two holes. All localized states between the borders of VB
and CB are occupied as the bonding state moves into the VB and the anti-bonding state
moves towards the CB. Moreover, there are two occupied states, primarily originated from
C 2p and S 3p states that are located above the VB edge.

Insightful, and closely connected to the electronic structure of materials are optical
functions. For the ongoing design of enhanced semiconductor applications, in-depth knowl-
edge of absorption coefficient and refractive index dispersions is necessary. The depth to
which light at a given wavelength (energy) traverses a material before being absorbed is de-
fined by the absorption coefficient, which provides information about the optimal efficiency
of energy conversion. In Figure 4, we plotted the absorption spectra versus wavelength
(from 0 to 800 nm) for BaTiO3 and the doped derivatives configurations to see the impact
of the band gap narrowing on the optical response to photon absorption. According to
an investigation of optical absorption characteristics, pure BaTiO3 can accumulate only in
the UV area, appearing at one peak as λ = 345 nm, and has no response to visible-light
absorption. The anionic-anionic co-doping extends the absorption coefficient leading to
the appearance of more peaks compared to that of the pure BaTiO3. These rising peaks are
known as absorption edges. The optical absorption spectrum of the P–P doping system
shows three peaks, the first one at 290 nm and the second one at λ = 370 nm, in which the
most interesting peak appears in the blue zone of the visible spectrum at λ = 470 nm but
with less intensity compared to the former peaks. The C–S doping configuration is more
interesting as it shows a redshift of the BaTiO3 spectra with four peaks in the visible ranges
at 388 nm, 425 nm, 513 nm, and 590 nm, the reasonably highest absorption intensity being
4.25 × 105 (cm−1). The N–P co-doping shows a peak in absorption with an intensity of
6.1 × 105 (cm−1) in the start of the violet wavelength (380 nm) and two more peaks at blue
and green wavelengths. The N–N co-doping produces two peaks in blue and green wave-
lengths with 2.82 × 105 (cm−1) absorption intensity. We can relate this different behavior to
the band gap already calculated in Figure 4. In practice, at low frequencies, free carriers
are connected to the primary electronic conduction mechanism in a semiconductor. As the
photon energy increases and gets closer to the energy gap, a new conduction mechanism
may emerge. An inter-band transition occurs when an electron is excited by a photon from
an occupied state in the valence band to an unoccupied state in the conduction band. We
anticipate that inter-band transition will have a threshold energy at the energy gap. The fre-
quency dependence of the absorption coefficient for direct allowed transitions is governed
by the following formula: αabs(ω) ∝ 1

ω

√
}ω− Eg. As a result, a threshold at the energy
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gap Eg determines the direct optically permitted inter-band transitions in our materials. As
a result, there are many different physical processes with a different frequency dependence
of αabs(ω). In some cases, using the imaginary part of the dielectric function, given by
ε2(ω) = ñc

ωαabs(ω) , to describe absorption is preferable, where ñ denotes the index of
refraction. Furthermore, the absorption coefficient of an indirect inter-band transition in

which a phonon is absorbed is: αabs(ω) = Ca
(}ω−Eg+}ωq)

2

exp(}ωq/kBT)−1
, where Ca is a constant for

the phonon absorption process, }ωq is phonon energy, and kB represents the Boltzmann
constant (8.380649 J K−1 mol−1).
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The determination of the energy-band potentials of photocatalysts is crucial for under-
standing the photocatalytic mechanism of semiconductor materials, since the energy-band
potentials of semiconductor-based photocatalysts are closely connected to the redox poten-
tial of photogenerated charge carriers. The respective locations of VB and CB potentials of
pristine BaTiO3 can be computed through the expression [5]:

ECB = χ − 0.5Eg + E0 (5)

EVB = ECB + Eg (6)

where Eg represents the band gap calculated using HSE06 functional, χ is the absolute
electronegativity, and E0 is the hydrogen dimension’s free-electron energy (~4.5 eV). For
pure BaTiO3, the CB edge is found to be 0.385 eV larger than the reduction potential, and
the VB edge is 0.89 eV smaller than the oxidation potential, indicating good agreement
with previous work [36]. It indicates that while pure BaTiO3 is very effective at splitting
water, it can absorb only UV light, which reduces the efficiency of its photocatalytic activity.
The alignments of the band edge of pure BaTiO3 are shown in Figure 5 with respect to
the redox potentials of water [40]. According to the findings of the band alignment, the
designed co-doping systems have the capacity to thermodynamically split water because
the CB and VB edge locations of N–N, P–P, N–P, and C–S co-doped BaTiO3 are situated
outside the redox potential of water. This demonstrates that both the photo-reduction and
the photo-oxidation of water are beneficial processes in this system. Therefore, anionic
co-doped BaTiO3 materials would make good water-splitting candidates when exposed to
visible light.
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4. Conclusions

We performed hybrid density functional calculations to thoroughly examine the
crystal geometry electronic structures and optical properties of anionic mono-doped and
anionic-anionic co-doped BaTiO3 in order to generate efficient water redox photocatalysts.
According to our findings, most of the co-doping systems can successfully lower the for-
mation energy of the associated mono-doped system. Therefore, co-doping configurations
are suitable under O-rich conditions. It was found that the formation energies of all the
co-doped systems and anionic mono-doped systems increase monotonically as the chem-
ical potential of O rises. Moreover, the anionic co-doping combinations (N–N, P–P, N–P,
and C–S) generate completely filled dopant states in the band gap region, resulting in a
reduction in the effective band gaps. It was also revealed that the double-hole anionic co-
doped BaTiO3 is proven to be a successful absorber of visible light by the computed optical
absorption curves. Additionally, the locations of the band edges in relation to the redox
potentials of water demonstrate that anionic co-doping pairs can meet the needs of H2 and
O2 generation. According to these findings, combining anionic co-doping pairs via double
holes is an efficient method for tuning the band gap of wide–band gap semiconductors,
and for creating very effective catalysts for water splitting of solar light.
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(c) C–S, (d) N–P and (e) P–P co-doped BaTiO3.
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