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Abstract. Recent advancements in photocatalysis research have mostly concentrated on the development
of effective materials to enhance water splitting and the production of hydrogen. This work used den-
sity functional theory (DFT) to investigate the structural, optoelectronic, thermodynamic characteristics,
and redox band edges of undoped and (S, Zr) co-doped CaTiOgz. The initial structural optimization results
indicate that undoped and (S, Zr) co-doped CaTiO3 have negative formation energies, signifying their ther-
modynamic stability. Furthermore, thermodynamic analysis indicates a significant change in the Griineisen
parameter, Debye temperature, entropy, and heat capacities due to co-doping, showing the change of lattice
anharmonicity and vibrational characteristics with variations in temperature and pressure. Optoelectronic
calculations show that undoped CaTiO3 has an indirect band gap of 2.77 eV. In contrast, co-doping with S
and Zr results in direct band gaps of 2.22 eV for CagTi;Zr1 02331 and 1.85 eV for CagTigZr2022S2, which
reduces the band gap and enhances visible light absorption and optical conductivity. Furthermore, the
analysis of the valence and conduction band edge positions (Evs and Ecg) of Zr- and S-co-doped CaTiOs
indicates that the material satisfies the thermodynamic requirements for water splitting, underscoring its
potential as an efficient photocatalyst. Notably, the observed variations in electronic and thermodynamic
properties with increasing dopant concentration reveal a nonlinear trend, suggesting a complex interplay
between dopant interactions and host lattice distortions. These findings suggest that co-doped materials
exhibit promising properties for renewable energy applications, particularly solar-driven photocatalytic
hydrogen production, photovoltaic devices, and optoelectronics, due to their enhanced visible light absorp-

tion.
1 Introduction

The development of renewable energy solutions repre-
sents a major strategic challenge in view of today’s eco-
nomic and environmental challenges. Among these solu-
tions, renewable energy sources, notably photovoltaic
(PV) systems, wind power and battery storage tech-
nologies, offer promising prospects for meeting growing
energy demand while reducing environmental impact
[1-4]. Abundant, clean solar energy is an attractive
alternative, as it generates no greenhouse gas emissions
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[5, 6]. Since Fujishima and Honda’s seminal 1972 discov-
ery demonstrating hydrogen production via TiOs under
UV irradiation, significant advances have been made
in the field of photocatalytic materials [7]. However, a
major limitation of TiOs is its high band gap, restrict-
ing its absorption to less than 4% of the solar spectrum
[8, 9]. Those technologies have been crucial for boosting
the energy security, reducing the greenhouse gas emis-
sions and stimulating the long-term economic develop-
ment [10]. To ensure the optimal environmental sustain-
ability and energy resilience, innovation and integration
of the renewable energies into the existing infrastruc-
tures have been essential, particularly through the opti-
mization of photocatalytic materials [11]. Among those
advances, molecular hydrogen (H3) has stood out as a
clean and efficient energy carrier, generating no pollu-
tants or greenhouse gases when used, and boasting a
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high specific energy (122 kJ/g) [12]. Green hydrogen
production has been particularly attractive because it
has released only water (H,O) as a by-product, thus
eliminating the carbon dioxide (CO3) emissions [13,
14]. As a result, green hydrogen has played a key role
in the transition to the sustainable energy systems
[13, 15]. Density functional theory (DFT) is a robust
tool for exploring the quantum-mechanical properties
of materials in diverse applications [16—-19]. In the past
year, semiconductor perovskite materials have garnered
increasing interest as potential candidates for applica-
tions in catalysis, photovoltaics, electronics, and opto-
electronics, due to their exceptional optical character-
istics and structural adaptability [20-24]. Moreover,
Hasan et al. [25] used first-principles calculations to
examine the structural, mechanical, thermodynamic,
electronic, and optical properties of ABOj3 perovskites
(A = Ba, Ca, Sr; B = Ce, Ti, Zr). Their findings
indicated the stability, favorable mechanical behavior,
and promising electronic and thermal properties of
these compounds, suggesting their potential for opto-
electronic, photonic, and thermoelectric applications.
Furthermore, perovskite oxides (ABOs) are emerging
as particularly promising materials for water dissoci-
ation photocatalysis and hydrogen production (HP)
due to their excellent photocatalytic (PC) properties
[26-29]. However, pure CaTiOg, despite its potential,
has a wide band gap (3.5 eV), limiting its efficiency
under visible light and resulting in moderate photo-
catalytic activity for hydrogen evolution [30]. Several
strategies have been proposed to reduce the band gap
of perovskite materials and improve their activity under
visible light. Among them, doping with foreign ele-
ments is a simple and effective approach [31]. Recently,
doping CaTiO3 with (La-S) at a ratio of 0.25 led to
a significant improvement in water dissociation pho-
tocatalysis thanks to a reduced bandgap, enhanced
visible light absorption, and improved electron mobil-
ity [32]. Yang et al. [33] demonstrated that cubic
SrTiO3 exhibits superior toluene degradation efficiency
(80%) compared to tetragonal CaTiOs (20%) due to
its enhanced ROS production, Oy /H50 adsorption, and
selectivity for benzoic acid. Theoretical calculations
corroborated these findings, emphasizing the crucial
influence of crystal structure on photocatalytic activ-
ity. Furthermore, theoretical studies based on density
functional theory (DFT) have explored various dopings
to optimize these materials. Attou et al. have shown
that doping CaTiOs with boron (B) at the oxygen sites
lowers the band gap and improves reactivity under vis-
ible light, thanks to the introduction of additional p-
energy levels [34]. Furthermore, Zhang et al. demon-
strated by DFT calculations that the enhancement
of visible light absorption in copper-doped CaTiOsg is
mainly due to Cu?*~induced electronic transitions [35].
Furthermore, the study of co-doped CaTiOgs (Zn, Pr)
reveals structural modifications similar to those of Pr
mono-doped, but the addition of Zn leads to the forma-
tion of localized gap states due to hybridization of the
Pr 4f, O 2p, and Ti 3 d orbitals [36]. Zulfiqar et al.
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[37] demonstrate that co-doping BaTiOs with zirco-
nium (Zr) and chalcogen elements, specifically sulfur
(S), selenium (Se), and tellurium (Te), enhances the sta-
bility of the dopants, generates direct band gaps, and
increases visible light absorption. This positions Zr- and
Te-co-doped BaTiOg as a promising candidate for pho-
tocatalytic hydrogen production. Furthermore, Zulfigar
et al. [38] demonstrate that co-doping BaZrOs with Ti
and chalcogens (S, Se, Te) reduces the band gap and
enhances visible light absorption. Their DFT calcula-
tions identify Ti and Te co-doped BaZrOs as a stable
and highly promising material for solar water splitting
due to its improved light absorption. Similar studies
on other doped perovskite oxides show that nitrogen
doping in SrTiOgs introduces impurity states, enhanc-
ing visible light absorption and reducing the band gap
to 2.03 eV, which improves photosensitivity and charge
carrier transport. DFT calculations confirm that these
modifications promote efficient electron—hole separa-
tion, making N-doped SrTiOs a promising photocata-
lyst for solar water splitting [39]. However, Alves et al.
[40] examined the influence of S, Se, and Te doping on
NaTaOg, revealing a notable red shift in the absorption
edge, diminished band gaps, and enhanced photocat-
alytic efficacy under visible light, especially in Te-doped
configurations attributed to improved charge separa-
tion and carrier mobility. Similar, Mouhib et al. [41]
found that doping ATiO3 (A = Ca, Sr, Ba) with S, Se,
or Te at oxygen sites gradually reduced the bandgap
while preserving p-type semiconducting behavior. Te-
doped BaTiOg3 exhibited enhanced visible light absorp-
tion, suggesting its potential for photovoltaic appli-
cations. Another study used first-principles calcula-
tions to study the structural, optoelectronic, mechani-
cal, and photocatalytic properties of hydrogen-doped
CsSrO3 Hy. The findings demonstrated that struc-
tural distortions, bandgap narrowing, and a change
from an indirect to a direct bandgap were caused by an
increase in hydrogen content. The most effective com-
position for photocatalytic applications was found to
be CsSrOs.4Hp.¢, and the compound remained stable
with favorable redox potentials for water splitting [42].
Ou-Khouya et al. [43] showed that doping S, Se, and Te
in SrTiO3 improves optical conductivity, dielectric con-
stant, and visible light absorption while dramatically
decreasing the bandgap with increasing dopant concen-
tration. Te-doped SrTiOgs performed the best among
the doped systems, making it a viable option for solar
cell and photovoltaic applications. Similar results have
been observed with other doping combinations. Yan
et al. demonstrated that in Zr-doped TiOs, hybridiza-
tion of the O 2p and S 3p orbitals alters energy levels
near the valence band (VB), while the Zr 4 d orbital sep-
arates the O 2p and Ti 3d states in the conduction band
(CB), thus reducing electron—hole recombination [44].
Furthermore, the distance between the S and Zr atoms
strongly influences the electronic and optical proper-
ties, generating a red shift in the absorption edge of
co-doped TiOg [44]. Furthermore, recent studies have
shown that (Zr, S), (Zr, Se), and (Zr, Te) co-dopings



Eur. Phys. J. B (2025)98:160

lead to a narrowing of the bandgap and an enhance-
ment of photoactivity under visible light in the TiO,
monolayer (111). Notably, Te-doped and co-doped (Zr,
Te) monolayers are shown to be the most efficient pho-
tocatalysts for hydrogen production [45].

Although doped perovskite materials have attracted
considerable attention, to the best of our knowledge, no
systematic experimental or theoretical investigation on
the electronic structure, optical properties, and photo-
catalytic performance of S/Zr co-doped CaTiO3 under
visible light irradiation for hydrogen production has
been conducted. Moreover, co-doped perovskite mate-
rials is an effective strategy to optimize their elec-
tronic and optical properties for enhanced photocataly-
sis. Specifically, sulfur (S) and zirconium (Zr) co-doped
of CaTiO3 can synergistically improve light absorption,
and catalytic efficiency. Using density functional the-
ory (DFT) calculations, we investigated the structural,
thermodynamic, electronic, and optical properties of S
and Zr co-doped CaTiOgs using a 2 x 2 x 2 supercell.
Computed formation energies confirm the thermody-
namic stability of the co-doped structures. Our anal-
ysis reveals significant bandgap narrowing, enhanced
visible light absorption, and favorable band edge align-
ment for water redox potentials. According to these
results, S/Zr co-doped CaTiO3 shows promising prop-
erties for renewable energy applications, especially in
solar-driven photocatalytic hydrogen production, pho-
tovoltaic, and optoelectronic devices, because of its
improved electronic properties and enhanced visible
light response.

2 Computational details

The structural, optoelectronic, and photocatalytic
properties of undoped and (S, Zr) co-doped perovskite
materials were investigated using DFT [46] within
the full potential linearized augmented plane wave
(FP-LAPW) framework implemented in the WIEN2K
code [47]. Volume optimization and structural relax-
ation were conducted using the generalized gradient
approximation (GGA) functional [48], while the modi-
fied Becke-Johnson potential (TB-mBJ) was employed,
which has been consistently shown to yield results
in close agreement with experimental data [49]. Con-
vergence was ensured by setting Ryr*Kpax = 7,
with Muffin-tin radii of (2.5, 1.92, 1.74) for CaTiOs,
(2.50, 1.92, 1.92, 1.74, 1.74) for CagTi;Zr1023S;, and
CagTigZro092S2. A k-points range of 1000 was used
for undoped CaTiOs, while co-doped systems employed
500 k-points for structural optimization and 1000 k-
points for optoelectronic properties. The findings were
acquired using a convergence criterion of 10° Ry for
energy and 10~ e for charge. The in-depth study of elec-
tronic densities of states, band structures, and dielectric
functions enabled us to assess the impact of co-doping
on the optical response of the material. In addition,

Page 3 of 19 160

analysis of thermodynamic properties, notably forma-
tion energies and phase stability, revealed an improve-
ment in the stability of doped CaTiOs, suggesting its
suitability for practical applications in photocatalysis.
These discoveries elucidate the underlying principles
regulating the behavior of perovskite materials and
facilitate their optimization for renewable energy appli-
cations, especially in photocatalysis and optoelectronic
devices.

3 Results and discussion

3.1 Structural properties

The perovskite oxide CaTiOj crystallizes in a cubic
structure, belonging to the Pm-3m space group (no.
221), which is characteristic of perovskite-type mate-
rials. This structure features high symmetry and well-
defined atomic organization. In the unit cell (shown in
Fig. 1a), Ca atoms occupy the corner sites with coor-
dinates (0, 0, 0), while the titanium (Ti) atom is posi-
tioned in the center of the mesh at coordinates (0.5,
0.5, 0.5). Oxygen atoms (O) are located in positions
centered on the faces, at coordinates (0.5, 0.5, 0). This
atomic arrangement gives CaTiO3 high structural sta-
bility, making it a promising material for numerous
technological applications, notably in optoelectronics
and photocatalysis.

To study the effects of co-doping, a 2 x 2 X 2 super-
cell of undoped cubic CaTiOz was constructed. This
supercell, composed of 40 atoms, includes 8 Ca atoms,
8 Ti atoms, and 24 O atoms. To assess the influence
of doping elements, we analyzed two distinct scenarios:
firstly the individual incorporation of S and Zr enabled
us to examine their respective effects on the structure
and electronic properties of the material. Then a sec-
ond type of co-doping was studied by simultaneously
introducing two atoms of S and two atoms of Zr.

Zr was substituted at Ti sites, while the introduc-
tion of S at oxygen sites maintained charge balance
in the co-doped systems, in accordance with the elec-
tronic equilibrium relation Ti*t + 02~ = Zr*t +
S2~. The simultaneous addition of these two elements
aims to modulate the electronic and optical properties
of CaTiOj3, seeking an optimal compromise between
bandgap broadening and enhanced absorption capa-
bilities in the visible range. The electronic configu-
rations of the elements involved in the calculations
were as follows: Ca: 4s?, O: 2s22p*  Ti: 3d?4s2, Zr:
4d?5s2, and S: 3523p*. These configurations were used
to construct pseudopotentials and optimize electronic
interactions in DFT calculations. The (S, Zr)-co-doped
CaTiO3 compounds are designated as CagTi;Zr1 02351
and CagTigZra022S2, each with specific dopant concen-
trations.

Figure la, b shows the optimized supercells of
undoped CaTiO3 and co-doped (S, Zr) CaTiOs, respec-
tively. Analysis of structural changes after atomic relax-
ation revealed adjustments to interatomic distances and
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b)

Fig. 1 Crystal structure of CaTiOgs: a unit cell and b 2 x 2 x 2 supercell

Table 1 Optimized

structural parameters of Compounds CaTiO3 CagTi7Zr10235: CagTigZr202252
pure and S/Zr- co-doped )
CaTiOj; systems Lattice constant Our work 3.89 7.95 6.44
(A) Other study  3.856 [52]
3.899
(32]
Experimental — 3.897 [54]
3.90 [55]
Volume (A?%) 58.86 503.2 267.2
B (GPa) 177.5 163.7 152.9
B’(GPa) 4.24 4.42 4.331
Eo (Ry) ~3520.7 34,3034 ~ 20,221

bond angles, indicating a local reorganization of the
crystal structure under the effect of co-doped. These
results provide a better understanding of the impact of
dopants on structural stability and open up prospects
for perovskite engineering with a view to applications
in photocatalysis and optoelectronics.

The improvement of lattice parameters and crystal
volume plays a fundamental role in assessing the struc-
tural stability and physical properties of perovskite
materials. These parameters are directly linked to key
features such as electron density, atomic cohesion, and
interatomic interactions, which influence the overall
performance of the material in various technological
applications. For cubic crystal structures, the unit cell
volume V is given by V = a3. Therefore, the vol-
ume of a 2 x 2 x 2 supercell, Vgypercell, is calculated
as Vupercell = (2a)® = 8a® = 8V ypit, showing that
the supercell volume is eight times that of the unit cell.
Comparative analysis between experimental results and
theoretical data obtained by DFT has enabled the lat-
tice parameter of CaTiOs to be optimized, the values
of which are listed in Table 1. These results show excel-
lent agreement with experimental measurements, con-
firming the accuracy of the model used.
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To determine the equilibrium lattice parameters, the
pressure—volume relationship of the material was fit-
ted using the Birch—-Murnaghan equation of state. This
approach makes it possible to optimize the crystal vol-
ume and accurately estimate the elastic properties,
notably the modulus of compressibility and its pressure
derivative. The Birch-Murnaghan equation of state is
formulated as follows [50]:

LCAR
{or ]
<7> ! l6_4(7) } (1)

E indicates the material’s total energy, Fg is the
energy of the ground state under zero pressure, V rep-
resents the volume, Vg is the equilibrium volume, B
is the bulk modulus, and B’is the pressure derivative
of the bulk modulus [51]. Figures 2 and 3a, b show
the optimization curve illustrating the total energy vs

the volume of both undoped and co-doped CaTiOs,
demonstrating the stability of these materials. These

2
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Fig. 2 Total energy variation of CaTiO3 as a function of
volume

findings align well with similar theoretical works [32,
34, 52, 53]. The co-doped CaTiO3z shows larger lat-
tice parameters than pure CaTiOz due to size differ-
ences between the dopant and host atoms. Zr*t has
a larger ionic radius than Ti**, while S~ is slightly
larger than O2~. These differences in ionic radii lead
to an expansion of the crystal lattice and an increase
in unit cell volume. However, the reduction in lattice
parameters of CagTigZro0O22S5 is due to lattice com-
pression from atomic substitutions, indicating struc-
tural stabilization. This method provides a thorough
way to analyze the optical properties of the materi-
als studied, offering crucial insights into their potential
effectiveness in photocatalytic applications.

The elastic constants Ciy, Cip, and Cyy for pure
CaTiOg3 were calculated using the IRELAST software
[56], a valid method for deriving elastic parameters from
first-principles stress—strain data (see Table 2). These
constants are critical for determining the mechanical
stability of the materials. According to the Born sta-
bility criterion for cubic systems [57], the material
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is mechanically stable if the following requirements
are met:Cy; > 0, Cy > 0, Ci1 — Cig > 0, and
C11+2C12 > 0. Furthermore, the observation that pure
CaTiOs fulfills the Born stability criterion for cubic
crystals unequivocally demonstrates its mechanical sta-
bility, consistent with findings from previous studies
[52, 58].

3.2 Formation energy

To analyze thermodynamic stability in detail, the mate-
rial formation energy (Ef) was calculated using the fol-
lowing formula [59]:

1

Ey = N [Eca,TiyZr.048. — (@ X pica +b X ppi + ¢

(2)

Xpize +d X po +e X ps)|,

where N is the total number of atoms and
Eca, Ti,zr.048. represents the total energies of the co-
doped materials. According to DFT calculations, the
chemical potentials of Ca, Ti, Zr, O, and S are repre-
sented by the variables pica, i,z 100, and ug, respec-
tively. The compound’s thermodynamic stability com-
pared to its constituent elements is indicated by a neg-
ative formation energy [60-63]. The calculated forma-
tion energies of both the pure and co-doped systems
are negative, indicating their thermodynamic stability.
Specifically, the pure structure has a formation energy
of — 3.33 eV /atom, while the values for CagTi;Zr; Q2351
and CagTigZra022S, are — 3.18 eV/atom and — 3.04
eV /atom, respectively (see Table 3). These results are
in line with previous theoretical studies [59, 64—66], con-
firming the viability of co-doped structures for potential
functional applications.

-20220.0
-20220.2 CaTi/Zr,0,,S,
202204
-~
[l
=
202206+
o
@
=
=
202208
202210
20221.2 - . . . . — . . . .
1200 1400 1600 1800 2000 2200 2400

Yolume (a.u)“

(b)

Fig. 3 Total energy variation of: a) CasgTi7Zr102351 and b) CasgTigZr202252 compounds as a function of volume
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Table 2 Elastic constants

of undoped CaTiOs3 (Ci1, Cu C12 Cuas Ci1 — Cha Cii + 2C12
Ci2, Caa)
Our work 362.1 91.36 98.39 270.7 544.8
Other study ~ 374.57 [52]  97.13 [52]  97.13 [52]  277.44 [52]  568.83 [52]
Table 3 Formation energy
of the undoped and (S, Zr) Compounds CaTiO3 CagTizZr10235: CagTigZra 0225,
co-doped CaTiOgs
E¢ (eV/atom) - 3.33 - 3.18 - 3.04

Energy (eV)

|
=
=}
-}
|
sk
A

Fig. 4 Band structure of undoped CaTiOg3

3.3 Electronic properties

Analysis of the electronic band structures of undoped
and co-doped (S, Zr) CaTiO3 compounds highlights sig-
nificant modifications induced by co-doping. Figures 3
and 4 show the band structures obtained, with the
Fermi energy normalized to 0 €V on the vertical axis.
These calculations were performed using the GGA and
mBJ approach in the first Brillouin zone, following the
W-L-I'-X-W-K dispersion path, in line with previous
theoretical studies [10, 41, 64, 67]. The bandgap energy
(Eg) was determined for each compound, and it was
observed that co-doping with S and Zr results in a sig-
nificant reduction of the latter compared to undoped
CaTiO3 (see Table 4). This reduction in bandgap width
can be explained by the introduction of the electronic
states of the dopants into the crystal structure, thus
modifying the density of electronic states and influenc-
ing the optoelectronic properties of the material. These
results are in line with previous theoretical studies that
have reported similar variations in bandgap energy for
doped perovskites [10, 41, 64, 67].

Specifically, Fig. 4 reveals that undoped CaTiO3 has
an indirect band gap, with the valence band maximum
(VBM) located at the L point and the conduction band

minimum (CBM) at the I' point, which is in agreement
with previous theoretical work [53, 68]. In co-doped sys-
tems (S, Zr), on the other hand, the band structure
shows a significant change, where both the VBM and
CBM lie at the I' point, indicating a transition to a
direct bandgap (see Fig. 5). This development suggests
that co-doping alters the nature of orbital interactions
and enhances direct electronic transitions. Such behav-
ior is particularly advantageous for optoelectronic and
photocatalytic applications, as a direct bandgap mate-
rial promotes more efficient light absorption and charge
carrier separation.

Thus, the transformation of the band gap, combined
with the reduction of its width, indicates that (S, Zr)
co-doping is an effective strategy for tuning the elec-
tronic properties of CaTiOg, paving the way for its
use in next-generation photovoltaic devices, optical sen-
sors, and photocatalysts. These results confirm that the
chemical and structural modification induced by co-
doping profoundly influences the material’s electronic
and optical characteristics, making it more effective for
advanced technological applications.

Total density of states (TDOS) and projected den-
sity of states (PDOS) computation of the (S, Zr)
co-doped CaTiO3 materials have identified individual
atomic orbitals’ contribution towards the electronic
band structure. Such a contribution, along with the
electronic transition from the conduction band to the
valence band in the present work, indicated the co-
doping effect’s implication on the material’s electronic
property. Figures 6 and 7 show, respectively, PDOS and
TDOS of undoped and (S, Zr) co-doped CaTiO3 mate-
rials within an energy scale of — 6 eV to 6 eV with
a dotted line indicating the Fermi level. For undoped
CaTiOg, it can be seen that the calculation gives the
oxygen p-orbital contribution (O-p) majority occupa-
tion of the valence band in TDOS, while titanium d
orbitals (Ti-d) fill the majority part of the conduction
band. A prominent hybridization of O-p and Ti-d states
has been seen here, implying high electronic interac-
tion between the two atoms. This co-doping-induced
hybridization is perovskite-like and plays a central role

Table 4 Calculated band

gap energy of the undoped Compounds CaTiO3 CagTi;Zr1 02351 CagTigZr2022S2
and (S, Zr)-co-doped
CaTiOs Eg (eV) 2.77 2.22 1.85

@ Springer
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Fig. 6 TDOS and PDOS of undoped CaTiO3

in modulating the material’s electronic as well as opti-
cal properties.

The introduction of co-doping (S, Zr) induces dra-
matic changes in the electronic structure. Especially in
the case of co-doped CaTiOgs, the valence band bot-
tom, from —5.5 eV to —4.5 eV, is defined by sulfur
p-orbital contributions (S-p) indicative of the doping
impact on electronic state distribution. The valence
band edge (— 4.5 eV to 0 e€V) remains dominated by
O-p orbitals but with some contribution from Ca, Ti,
Zr, O, and S s-orbitals, although small in magnitude.
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Energy (eV)

b)

Intensive hybridization between the S-p and O-p states
is revealed in the valence band, which can affect charge
carrier mobility and enhance the optical absorption of
the compound. For the conduction band, it is also dom-
inated predominantly by titanium d orbitals (Ti-d),
which again confirms that Tiremains to be at the center
of the electronic transitions in the system. The Fermi
level position significantly shifts, approaching the top of
the valence band, meaning that the material possesses
p-type semiconductor behavior. It is brought about by
the charge compensation effect caused by the introduc-
tion of Zr and S substituting for Ti and O, thus altering
the distribution profile of the electrons. Furthermore,
the S-p states are positioned near the top of the valence
band, while the Zr-d states are situated close to the con-
duction band minimum. These dopant-induced states
effectively reduce the band gap by elevating the valence
band and lowering the conduction band. Consequently,
the band gap decreases from 2.77eV (pure CaTiO3) to
2.22 and 1.85 €V (S/Zr co-doped CaTiOs3) (see Table 4).
The narrowing of the band gap corresponds to the
increased visible light absorption observed in the co-
doped system, indicating improved optical behavior.
This electronic modification, as evidenced by the TDOS
and PDOS, indicates a promising potential for opto-
electronic and photocatalytic applications. Specifically,
the TDOS spectrum distinctly indicates a decreased
energy gap between the VB and CB edges, while the
PDOS demonstrates that this phenomenon is due to
the emergence of S-p and Zr-d states near the band
edges, thereby validating the impact of co-doping on
the electronic structure.

3.4 Optical properties

The optical properties of materials are determined by
their dielectric function, which comprises a real part,
¢1(w), and an imaginary part, €o2(w). These parame-
ters play a fundamental role in the material’s interac-
tion with light, and are used to describe various optical
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Fig. 7 TDOS and PDOS for a CagTi;Zr1023S1 and b CagTigZr2022S2

phenomena such as absorption, reflectivity, refractive
index, and optical conductivity [69, 70]. The complex
dielectric function is expressed as follows:

e(w) = e1(w) + iea(w) (3)

The imaginary part, eo(w), is directly influenced by
the band structure of the material. It is calculated from
the momentum matrix elements linking the occupied
and empty electronic states, according to the following
equation [71]:

227
()= (55) 3 wilurlwa(e; - 5 - )
@)

k,v,c

In this equation, the frequency-dependent complex
dielectric function €(w), influenced by light frequency
(w), electron charge (e), CB and VB wave functions

% and W}, and incident electric field polarization
(u), determines optical properties (absorption, reflec-
tivity, conductivity, refractive index) and is governed
by Kramers-Kronig relations (g1 (w) from e2(w)).

Figure 8a illustrates the evolution of &;(w), which
represents the material’s ability to store electrical
energy. A value of £1(w) > 1 indicates that the mate-
rial can store more energy than a material with &1 (w)

@ Springer

= 1, which is particularly advantageous for photo-
voltaic and photocatalytic applications, as it promotes
better interaction with incident light, thus optimiz-
ing absorption and charge separation [72]. After co-
doping with S and Zr, the maximum value of &;(w)
is reached at 3.46 eV for CagTigZroO2252 and 3.60
eV for CagTi;Zr1093S1 in the zz direction. In addi-
tion, CagTigZra022S2 shows a significant increase in
e1(w) around 1 eV, which enhances its absorption in
the visible range compared to CagTi;Zr;023S;. How-
ever, after this maximum value, &1 (w) rapidly decreases
below zero for all curves. Co-doped CaTiO3 compounds
(S, Zr) exhibit negative e1(w) values between 7 and 14
eV, suggesting electromagnetic wave damping and the
possibility of longitudinally polarized waves [73, 74].
Figure 8b shows e2(w) plots. For undoped CaTiOs,
the curves of g5 (w) in the xx and zz directions are virtu-
ally identical, indicating isotropic behavior. An energy
threshold of around 2.77 eV is observed, correspond-
ing to the material’s band gap (Fig. 6), resulting from
intrinsic electronic transitions between the O-2p (VBM)
and Ti-3d (CBM) states. After co-doping with S and
Zr, a reduction in threshold energy is observed in the
xx and zz directions, which is in agreement with the
decrease in bandgap revealed in Fig. 7a, b. In addition,
co-doped materials show absorption peaks in the ultra-
violet (UV) and visible range, reflecting improved inter-
band electronic transitions and better optical response
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in the visible range. The most intense UV absorption
peak is recorded in the zz direction, highlighting the
optical anisotropy of the material after co-doping.

Table 4 summarizes the bandgap energy (Fj) cal-
culated for undoped CaTiOs and co-doped systems. A
progressive decrease in E, with co-doping:

This bandgap reduction indicates that co-doping pro-
motes a shift in optical absorption towards lower ener-
gies, which improves the material’s response to visible
light and makes it a promising candidate for applica-
tions in photovoltaics and photocatalysis.

The absorption coefficient a(w) is a key measure of a
material’s ability to absorb light and directly influences
its efficiency in optical and photocatalytic applications.
The a(w) is determined using the following relationship:

1/2
a(w) = (2)1/%{ e1(w)” + e2(w)* — sl(w)} .
(5)

Figure 9a shows the a(w) plots. Undoped CaTiOs
absorbs ultraviolet radiation along the xx and zz direc-
tions. Co-doping with S and Zr reduces the bandgap
(see Table 3), shifting the a(w) into the visible range,
thus enabling co-doped CaTiOg3 to absorb more pho-
tons. Furthermore, CagTigZro022S2 shows enhanced
absorption in the visible range along the zz direction
compared to CagTi;Zr;O235; along both xx and zz
directions and CagTigZro022S2 along the xx directions.
The enhanced absorption indicates that co-doping with
S and Zr markedly boosts the light absorption capacity
of CaTiOs3, showcasing its potential for photocatalytic
applications. In addition, these findings align with prior
theoretical and experimental studies and are compara-
ble to those of perovskites [10, 45, 64, 67, 75, 76].

The optical conductivity coeflicient, o(w), is a crucial
parameter for assessing a material’s ability to conduct

electricity under the influence of an oscillating electric
field, such as that generated by light. It determines the
material’s interaction with photons and is particularly
important in photocatalytic applications where a strong
optical response is required for the conversion of light
energy into chemical energy. The o(w) is generated from
the e2(w), using the relationship [77, 78]:

o(w) = =ea(w). (6)

For undoped CaTiOg, o(w) analysis shows that opti-
cal conductivity is significant only in the ultraviolet
(UV) range, as illustrated in Fig. 9b. This is consistent
with the material’s wide bandgap, which limits its inter-
action with visible light. Indeed, the energy of photons
in the UV range is sufficient to excite electrons from
the valence band (VB) to the conduction band (CB),
thus enabling notable optical conductivity in this range.
However, this limited response in the UV range restricts
the effectiveness of CaTiOg in photocatalytic applica-
tions where broader absorption of the light spectrum is
required to maximize light energy conversion efficiency.

In contrast, for CaTiO3 co-doped with S and Zr,
the figure shows that o(w) now extends into the vis-
ible range. This change is attributed to the reduction
in bandgap width due to co-doping with S) and Zr,
enabling the material to absorb photons in a wider
range of wavelengths. This extension of the optical con-
ductivity range is a major advantage for photocatalytic
applications, as it enables the material to interact not
only with UV light, but also with a significant portion of
visible light, thus increasing its efficiency in processes
such as the degradation of pollutants or the produc-
tion of energy from water. The extension of o(w) to
the visible range offers several advantages. It increases
the photocatalytic efficiency of the material, facilitat-
ing the use of wider sunlight. In addition, it improves
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Fig. 9 a Absorption coefficient, and b optical conductivity for the undoped and co-doped CaTiOg3

the separation of charges generated under light irradi-
ation, which is essential for optimizing photocatalytic
reactions. In summary, co-doping with S and Zr offers a
significant improvement in the light absorption capacity
and photocatalytic performance of CaTiO3, making it
more suitable for practical applications in solar energy
conversion. These findings are in line with previous the-
oretical research [20-22, 79]. Moreover, recent studies in
nonlinear physics have highlighted how dopant-induced
perturbations and lattice distortions can give rise to
complex, non-additive behaviors in functional materi-
als, which are relevant to the present work on co-doped
perovskites [80-85].

3.5 Thermodynamic properties

To examine the thermodynamic behavior of the S- and
Zr-co-doped CaTiOgz perovskite, we used the quasi-
harmonic Debye approximation and first-principles
DFT calculations, as implemented in the GIBBS suite
approach [86-88]. The Griineisen parameter (), Debye
temperature (Op), entropy (S), specific heat capacities
C)p and Cy, and thermal expansion coefficient (o) were
thoroughly examined throughout an extensive range of
temperatures (0-1000 K) and pressures (0-20 Gpa) [59,
89, 90].

The Griineisen parameter, -, shown in Fig. 10, mea-
sures the anharmonicity of lattice vibrations and their
sensitivity to external stimuli. At ambient pressure, y in
pure CaTiOj3 increases slightly with temperature, from
about 2.05 at 0 K to around 2.15 at 1000 K and 0 GPa. y
decreases with increasing pressure. A similar behavior is
observed in the doped materials, where y decreases with
increasing pressure, while the temperature-dependent
trend of y remains consistent.

@ Springer

Figure 11 shows the changes in the Debye tempera-
ture for S- and Zr-co-doped CaTiOg3 perovskite in rela-
tion to temperature and pressure. In pure CaTiO3z, ©p
remains constant at low temperatures but decreases
somewhat with rising temperatures, signifying gradual
lattice softening. At moderate pressure (5 GPa), a slight
increase in ©p indicates improved vibrational stiffness;
however, at elevated pressures (10-20 GPa), Op expe-
riences a more pronounced increase due to lattice com-
pression. In doped CagTi;Zr;023S1, Op is somewhat
reduced compared to pure CaTiOs, beginning at 700 K
and declining to 675 K at 0 Gpa. In CagTigZro022S,,
Op is decreased significantly, varying from 675 to 625 K
at 0 Gpa. However, as pressure intensifies, ©p progres-
sively increases, signifying augmented lattice stiffness,
but it diminishes with rising temperature.

Figure 12 illustrates the variation of entropy (S)
with temperature. At 0 GPa and 300 K, the
entropy (S) values are 65 J/mol.K for CaTiOs,
650 J/mol.K for CagTi;Zr1023S;, and 380 J/mol.K
for CagTigZra02252. As temperature rises, entropy
increases for all materials because of phonon excitation,
although the rate of increase differs. CagTi;Zr; 02351
has the greatest entropy increase, indicating augmented
lattice disorder resulting from Zr and S doping, whereas
CaTiO3 displays the minimal increase owing to its
more ordered structure. CagTigZro022S2, despite hav-
ing higher initial entropy than pure CaTiOs, experi-
ences a more moderate increase, as stronger bonding
interactions partially suppress disorder.

The heat capacities (Cp, and C,) of CaTiOs,
CagTizZr;02351, and CagTigZraO92S, at pressures
ranging from 0 to 20 GPa show clear patterns with
doping and pressure in Figs. 13 and 14. In CaTiOsg,
both Cp, and C\ rise with temperature, with minor
pressure effects, and approach the Dulong—Petit limit
(7 125 J/mol.K). Zr and S doping in CagTi;Zr;0235;
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greatly increases heat capacity, reaching approximately
1000 J/mol.K at 1000 K, most likely as a result of
increased phonon contributions. However, higher dop-
ing in CagTigZro022S2 reduces Cp, (500 J/mol.K at
1000 K), suggesting lattice stiffening that limit phonon
excitations. Pressure slightly lowers C, and Cy at low
temperatures, but has little influence at high temper-
atures. In general, moderate Zr/S co-doping increases

(S, Zr) materials varies with temperature and pressure

heat capacity, whereas severe doping reduces thermal
storage efficiency by limiting phonon dynamics.
Ultimately, we analyzed the thermal expansion coef-
ficient (a) as illustrated in Fig. 15 to comprehend
lattice expansion resulting from anharmonic vibra-
tions. In CaTiOs, the coefficient « increases with
temperature, reaching a maximum between 800 and
1000 K, but diminishes under pressure due to lat-
tice compression, which attenuates thermal vibrations.

@ Springer



160 Page 12 of 19 Eur. Phys. J. B (2025)98:160
140 CaTiO; CaaTi7Zr1023$1 CasTiGZrzOnSz
sl 1000 500}
1001 800 400
% so} o ::
E E 600 g 300
S 60p S S
o o 400 2 200f
© a0} — P=00GPa { ° —e— P=0.0 GPa = P=0.0 GPa
—=— P=5.0 GPa —=— P=5.0 GPa —#— P=5.0 GPa
20} —+— P=10.0 GPa | 200 —+— P=10.0 GPa | 1001 —— P=10.0 GPa ]
—¥— P=15.0 GPa —v— P=15.0 GPa —¥— P=15.0 GPa
ok —< P=20.0 GPa | ol —< P=20.0 GPa ] ol —< P=20.0 GPa |
{ § L 1 1 L L L L L L L L L 1 L E L E
0 200 400 600 800 1000 0 200 400 600 800 1000 0 200 400 600 800 1000
T (K) T (K) T (K)

Fig. 13 Heat capacity (Cp) of undoped CaTiOs and co-doped (S, Zr) materials varies with temperature and pressure

CaTiO3 CagTi7Zr10;3$1 CagTiszrzozzsz
120} P=00GPa ' ! ! 1000 - p=0.0GPa ' ! - s ] 500 o p=0.0GPa ' ' : 1
-8~ P=5.0 GPa -#- P=5.0 GPa -8~ P=5.0 GPa
—— P=10.0 GPa —&— P=10.0 GPa A~ P=10.0 GPa
¥ P=15.0 GPa ¥~ P=15.0 GPa ¥ P=15.0GPa
100 } —< p=20.0Gra 800 f — r=20.0Gra 400 } —¢ P=200Gra
80
2 < ooof 2 300
= = =
© ] ]
£ g g
z 7 400} 7 200
Q 18] Q
aor
200 100
20F
or ofF or
A L 1 1 1 1 1 1 - 1 i L L 1 L 1 1 1
[\] 200 400 600 800 1000 V] 200 400 600 800 1000 0 200 400 600 800 1000

T (K)

T (K) T(K)
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In CagTi;Zr10235;, doping with Zr and S some-
what improves a at low temperatures, however the
enhancement is less pronounced at elevated temper-
atures. Under pressure, o drops further, indicating a
stiffer lattice. In highly doped CagTigZroO92So, the a
is first reduced due to enhanced bonding and increases
more gradually with temperature. At 10-20 GPa, this
system exhibits the lowest «, rendering it exceptionally
resistant to thermal expansion-suitable for applications
necessitating dimensional stability. Our computed ther-
modynamic parameters, including the trends of y, ©p,
entropy, heat capacities, and expansion coefficient «,
align well with the results of Zeeshan Abbas et al. for
pure CaTiOgs [91]. This consistency strengthens the reli-
ability of our quasi-harmonic Debye methodology and
underscores the precision of our first-principles compu-
tations in representing the thermodynamic behavior of
the doped system.

3.6 Photocatalytic properties
Photocatalytic (PC) water splitting is a promising and

efficient method for producing renewable hydrogen by
harnessing solar energy and suitable semiconductor
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materials [92]. For a material to be an effective pho-
tocatalyst, it must absorb sunlight optimally, particu-
larly in the visible spectrum, and exhibit appropriate
energy levels to promote redox reactions. The bandgap
energy of the material is a key factor in this process.
For a water splitting reaction to be thermodynamically
favorable, the bandgap energy must be between 1.23
and 3 eV [93]. Although optical absorption analysis
provides important insights into a material’s suitability
for optoelectronic applications, it is inadequate by itself
for evaluating photocatalytic performance. A compre-
hensive assessment of the band edge potentials is cru-
cial, since they dictate the material’s capacity to enable
the oxidation and reduction half-reactions required for
effective water splitting. This condition guarantees effi-
cient absorption of solar energy while maintaining suffi-
cient energy to activate water dissociation reactions. In
addition to this constraint on the band gap, the posi-
tions of the band edges are crucial: the VBM must be
more positive than the oxidation potential of water,
which is 1.23 eV relative to the normal hydrogen elec-
trode (NHE). In addition, the CBM must be more
negative than the HY/Hy proton reduction potential,
which is 0 eV relative to the NHE [94]. These conditions
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Fig. 16 a Process diagram for photocatalytic water splitting, and b band alignment of the CBM and VBM potentials for
undoped and (S, Zr) co-doped CaTiOg

ensure efficient charge separation and optimal reactiv-
ity for water dissociation, as illustrated in Fig. 16a.

Consider the semiconductor with the chemical com-
position Ca,TipZr.04Se, where a, b, ¢, d, and e repre-
sent the stoichiometric coefficients of Ca, Ti, Zr, O and
S, respectively.

e By determining the band gap (E;) of the material
and utilizing the vacuum reference energy Fog = 4.5
eV, the valence band maximum (Evp) and conduc-

tion band minimum (E¢p) are calculated as follows
(96, 98]:

Ecp = (xe — Eo) — 0.5E,

(9)

(10)

e The absolute electronegativity (%) of a semiconduc-
tor be calculated as the geometric mean of the elec-

tronegativities of its constituent atoms, as described

Evp = (Xe — Eo) + O.5Eg
by [95, 96]:

e The resulting band edge positions, expressed in terms
of vacuum level, can be converted into redox poten-
tials in terms of normal hydrogen electrode (NHE)
using the Nernst equation. To achieve efficient pho-
tocatalytic water splitting, the following conditions
must be met:

(7)

315
XCaTiOs = {XCa x xTi X (x0) }

XCaqTiyZre0gSe = {(XCa)a X (XTi)b

X (xzx)° X (x0)* (XS)E} m’
(8)
where X.ca, XTi, Xzr, X0, and xs represent the absolute

electronegativities of Ca, Ti, Zr, O, and S elements,
respectively, as determined by Bartolotti [97].

Ecp < 0eV Vs NHE, Eyp > +1.23 eV vs NHE.

Figure 16b illustrates the energy levels of the Ecgp
and Eyp for undoped and (S, Zr)-co-doped CaTiOs,
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Table 5 Calculated

electronegativity (xe), band Compounds Eg (eV) Xe (V) Ecg (eV) Evs (eV)

gap energy, Evp, and Ecp .

for (S, ZI‘) co—doped CaT103 2.77 5.26 - 0.62 2.14

CaT103 CagTi7Zr102381 2.22 5.22 - 0.39 1.83
CagTigerOQQSQ 1.85 5.17 - 0.25 1.60

with Table 5 summarizing these values, indicating sig-
nificant increases in Eyp potential when going from
undoped CaTiO3 to co-doped compounds, particularly
in the order undoped CaTiO3 < CagTi;Zr109351 <
CagTigZro022S,, while the Ecp potential decreases
noticeably in the same order. This increase in Eyp
shows an enhanced ability to generate holes in the Eyg
to oxidize water and produce Oz, which is essential for
photocatalytic applications. Similarly, the alignment of
Ec¢p values with the potentials required for the reduc-
tion of HT protons to Hy shows that the co-dopings
investigated improve the performance of CaTiOg for
the photodissociation of water. So, the co-doping with
(S, Zr) optimizes photocatalytic properties by enhanc-
ing catalytic activity under visible light. Furthermore,
the CBM is shifted downward for the CagTi;Zr; 02351
compound and further moved in the same direction
due to the CagTigZroO92Ss compound. This trend
indicates an enhancement in the photoreduction capa-
bility. Moreover, the CBM of CagTi;Zr;023S; (0.229
eV) and CagTigZro02252 (0.371 eV) exceeds the stan-
dard hydrogen reduction potential (H*/Hs) compared
to undoped CaTiOs. This advantageous energy state
allows CB electrons to reduce H™ ions, producing Hs
gas through the following reaction:

2H" +2¢~ — H,. (11)

Furthermore, the VBM is shifted upward for both the
CagTi7ZT1023S1 and CaSTi6ZTQOQQSQ compounds,
indicating an enhancement in photooxidation capacity.
In addition, the VBM of both compounds is below the
water oxidation level of the (Oz/H20) couple, allow-
ing holes in the VB to oxidize water (H20O) to produce
oxygen gas (O2), as shown in the following reaction:

1
H2O + 2h+ — 2H+ + 502 (12)

Consequently, due to their enhanced photocatalytic
properties and comparison with Ref [10, 38, 95, 99,
100], water can be decomposed into Hy and Oy by
CaTiO3 compounds that are co-doped with (S, Zr).
Finally, co-doping CaTiOs with Se and Zr favor-
ably modifies its electronic band structure, aligning
band edges for overall water splitting. Specifically,
CagTigZro022S5 exhibits a narrowed band gap of 1.85
eV, enhancing visible light absorption and broaden-
ing the photoresponse range. This combination of opti-
mized band alignment and improved optical proper-
ties significantly enhances photocatalytic performance.
Compared to previous studies, S and Zr co-doping effec-
tively tunes the band gap and boosts photocatalytic
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activity, demonstrating the potential of targeted co-
doping for designing efficient perovskite-based photo-
catalysts for sustainable hydrogen production.

4 Conclusion

In summary, DFT calculations using the Wien2k code
provided a comprehensive understanding of the struc-
tural, optoelectronic, thermodynamic, and photocat-
alytic properties of both undoped and S/Zr co-doped
CaTiO3 materials. The calculated formation energies
of pure and S/Zr co-doped CaTiOj3 indicate thermo-
dynamic stability. Co-doping with S and Zr reduces
the band gap energy from 2.77 eV for pure CaTiOg
to 2.22 eV for CagTi;Zr;0O235; and 1.85 eV for
CagTigZro02954, respectively. This reduction enhances
the material’s optical and electrical properties. The
findings also show that co-doping improves both the
absorption coefficient and optical conductivity in the
visible light spectrum. Furthermore, the calculated
band edge positions meet the requirements for water
splitting with energy levels appropriate for both reduc-
tion and oxidation, as its Eyg and Ecpg are above and
below the potentials of HoO/Oy and H'/H,, respec-
tively. Among the studied compounds, CagTigZro022S2
shows the best performance, with a lower band gap and
stronger light absorption, making it a promising pho-
tocatalyst. Moreover, thermodynamic analysis reveals
a substantial alteration in the Griineisen parameter,
Debye temperature, entropy, and heat capacities as a
result of co-doping, demonstrating the modification of
lattice anharmonicity and vibrational properties with
fluctuations in temperature and pressure. These varia-
tions, which do not follow a linear trend with dopant
concentration, suggest nonlinear interactions between
the dopants and the host lattice, contributing to the
emergent properties of the co-doped systems. These
findings indicate that S/Zr co-doped CaTiOs could
be useful in renewable energy technologies, especially
solar-driven photocatalytic hydrogen production. Fur-
thermore, its improved optoelectronic properties sug-
gest that it has promising applications in photovoltaic
and optoelectronic devices.
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