
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

2 
A

ug
us

t 2
02

5.
 D

ow
nl

oa
de

d 
on

 1
1/

9/
20

25
 2

:2
6:

25
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal  | View Issue
Improved photoc
aLaboratory of Condensed Matter and Inter

Labellisée CNRST, URL-CNRST-17, Faculty

Rabat, Morocco. E-mail: l.bahmad@um5r.a
bHassan II Academy of Science and Technol

Cite this: RSC Adv., 2025, 15, 29822

Received 17th June 2025
Accepted 17th August 2025

DOI: 10.1039/d5ra04275e

rsc.li/rsc-advances

29822 | RSC Adv., 2025, 15, 29822–2
atalytic efficiency of Sr5Ta4O15

perovskite oxide via V doping and oxygen defects

A. Brach, a H. Zaari,a A. Benyoussefb and L. Bahmad *a

Photocatalytic water splitting has emerged as a key approach to sustainable hydrogen production, yet many

photocatalysts suffer from limited solar absorption and low conversion efficiency. In this study, we

investigate the electronic, optical, and photocatalytic characteristics of Sr5Ta4O15 through density

functional theory (DFT) calculations, utilizing the generalized gradient approximation (GGA) for the

exchange-correlation potential. The findings show that Sr5Ta4O15 primarily absorbs ultraviolet (UV) light,

which limits its photocatalytic activity to the UV range. To enhance its photocatalytic performance, we

explore vanadium(V) doping in Tantalum (Ta) sites and the introduction of oxygen vacancies (OVs). The

results demonstrate a significant improvement in photocatalytic performance, with hydrogen production

rates increasing from 2.18 mmol g−1 for pure Sr5Ta4O15 to 259.8 mmol g−1 for V-doped Sr5Ta4O15 with

oxygen defects. Furthermore, the quantum efficiency (QE) and solar-to-hydrogen (STH) conversion

efficiency improve notably, with the STH efficiency reaching 17.1%. These modifications help overcome

light-harvesting limitations and contribute valuable insights toward the development of more effective

photocatalysts for solar-driven hydrogen production.
1. Introduction

Searching for efficient and sustainable energy solutions has led
to an intense exploration of photocatalytic water splitting which
is a crucial method in addressing energy and environmental
challenges.1–3 Since Fujishima and Honda's ndings of water
splitting using solar energy has emerged as a signicant step to
reinforce the performance.4–9 Despite these advancements,
industrial hydrogen is predominantly produced from fossil
fuels due to the unbelievable cost of the existing photocatalytic
systems.10,11 The absence of durable photocatalysts operating
under visible light with high efficiency remains a pivotal
problem in commercializing photocatalytic water splitting.12,13

Solar energy has become a key player in the transition to
renewable energy, powering technologies from photovoltaics
and solar heating to articial photosynthesis.14 Among these
innovations, photocatalysis stands out for its ability to convert
sunlight into chemical energy using semiconductors that
generate electron–hole pairs for redox reactions.15–17 As the
world grapples with rising energy demands and the environ-
mental consequences of fossil fuels, solar-driven hydrogen
production is emerging as a clean and sustainable
solution.3,8,18–20 However, realizing this potential depends on the
development of advanced photocatalysts with the right band
disciplinary Sciences, Unité de Recherche
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9835
gaps and redox potentials to efficiently split water under
sunlight.21–24

The critical pursuit of developing an extensive library of
photocatalysts remains necessary for comprehending and
designing highly active ones.12 Therefore, tantalates have
emerged as appropriate candidates for photocatalytic water
splitting.25–28

The pursuit of efficient photocatalysts operating beyond
ultraviolet (UV) irradiation has motivated researchers towards
nitrogen-doped oxides, Tantalum (Ta)-based materials being of
particular interest.29–32 The exploration has led to the develop-
ment of Ta-based photocatalysts that harness visible light for
both water reduction and oxidation reactions.32–35 Studies have
examined Sr5Ta4O15–xNx, a nitrogen-doped Ta-based layered
oxide synthesized via thermal ammonolysis.36 When combined
with optimized cocatalyst deposition and visible light irradia-
tion, this photocatalyst demonstrated promising activity for
both water reduction and oxidation, underscoring the potential
of Ta-based layered oxides as visible-light-responsive materials
for solar water splitting.37 This research investigated the struc-
tural and electronic property modications induced by nitrogen
doping, contributing to a deeper understanding and broader
application of these advanced materials.36

However, despite these advances, detailed insights into the
intrinsic electronic structure of undoped Sr5Ta4O15 remain
limited. Most existing studies have focused on nitrogen doping
or performance optimization, leaving the effects of other
modications, such as vanadium(V) doping and OVs, largely
unexplored. Understanding how these specic changes
© 2025 The Author(s). Published by the Royal Society of Chemistry
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inuence the band structure and light absorption is essential
for advancing visible-light-driven photocatalytic performance.

As for this current work, we selected the Sr5Ta4O15 system as
a photocatalyst for water splitting, aiming to explore the
correlation between its photocatalytic capabilities and elec-
tronic properties with a particular emphasis on the band gap.
This material has already been synthesized by using a poly-
merizable complex method as detailed in ref. 38 and 39. During
this process, the system shows an appropriate thermal stability
which results in the successful production of pure-phase
Sr5Ta4O15 at 1273 K in air for 60 hours. Despite the accom-
plishment, the crystal structure of Sr5Ta4O15 remains undeter-
mined.39 A potential isostructural relationship with the known
Ba5Ta4O15 phase is supported by crystallographic studies
reporting the formation of a (Sr, Ba)5Ta4O15 solid solution.37,39

Thus, the reaction involved the combination of 5SrCO3 with
4TaCl5, resulting in the formation of Sr5Ta4O15 and 5CCl4.37,39

5SrCO3 + 4TaCl5 / Sr5Ta4O15 + 5CCl4 (1)

By employing ab initio calculations, we thoroughly analyzed
the structural geometry, electronic band structure and optical
properties of powdered Sr5Ta4O15. Additionally, we investigated
the effect of V doping in Sr5Ta4O15, focusing on its inuence on
the electronic properties and hydrogen yield. We also studied
the role of oxygen defects in further modifying the electronic
and photocatalytic behavior of both the undoped and V-doped
material. Furthermore, Huang et al.40 conducted a study on
Ba5Ta4O15, showing that under reduction conditions, signi-
cant OVs form and play a crucial role in enhancing catalytic
activity. Their XPS analysis revealed an increase in OV concen-
tration from 4% in the pristine state to 24% in Ru/Ba5Ta4O15,
and up to 63% in Cs–Ru/Ba5Ta4O15. These results highlight the
Fig. 1 Supercell 1 × 1 × 2 showing (a) the crystal structure of Sr5Ta4O1

indicate the vacancy sites, with ‘w’ representing d = 6.66% of vacancies

© 2025 The Author(s). Published by the Royal Society of Chemistry
importance of OVs in facilitating surface reactions, thus sup-
porting the theoretical exploration of such defects in Sr5Ta4O15

at vacancy concentrations of 3.33% and 6.66%.
Our goal is to qualitatively estimate hydrogen production in

photocatalysis based on pristine Sr5Ta4O15 and its doped vari-
ants with V and OVs. To achieve this, we assume ideal condi-
tions where all electrons in the valence band (VB) are excited
under visible light, and no interactions with hydrogen occur at
the surface states, allowing us to establish an order of hydrogen
production.

This study aims to address the current lack of understanding
regarding how structural modications, specically V doping
and OVs, affect the electronic and optical behavior of Sr5Ta4O15.
By using rst-principles calculations, we aim to provide insights
that could guide the development of more efficient photo-
catalysts, particularly those capable of operating under visible
light for sustainable hydrogen generation.
2. Computational details

The results of this study were derived using density functional
theory (DFT) calculations performed with the Quantum
ESPRESSO package.41 The exchange–correlation energy was
modeled using the generalized gradient approximation (GGA)
with the Perdew–Burke–Ernzerhof (PBE) functional.42 The
electron–ion interactions were described using projector
augmented-wave (PAW) pseudopotentials43 for Sr (5s2), Ta
(5d36s2), and O (2s22p4). The electronic wave functions are
expanded in a plane wave basis set with energy cut-offs (Ecut) of
1088 eV and charge density is taken 10 times of Ecut. For
Brillouin-zone integration, a 7 × 7 × 3 Monkhorst–Pack k-point
grid was applied,44 ensuring total energy convergence to
a threshold of 10−5.
5–d and (b) the crystal structure of Sr5Ta2V2O15–d. The yellow spheres
and ‘x’ representing d = 3.33% of vacancies.

RSC Adv., 2025, 15, 29822–29835 | 29823
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Fig. 2 (a) Crystal structure using Xcrysden code,29 (b) band structure, (c) partial DOS and (d) absorption spectrum of Sr5Ta4O15 as a function of
photon energy.
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For V doping and the introduction of OVs, we explored all
possible congurations and selected the most stable ones based
on their lowest optimized energies, as illustrated in Fig. 1:

The effective mass for both electrons and holes were evalu-
ated through the equation:45

EðkÞ ¼ E0 þ ħ2k2

2m*
(2)

Here, E(k) represents the energy of an electron at a specic
wavevector k within the band, E0 denotes the energy of free
electrons on the hydrogen scale (0 V), and m* refers to the
effective mass, treated as a constant. The effective mass was
calculated and expressed as m0, the electron rest mass.

The valence and conduction band (CB) edges were computed
by the following equations:

ECB
0 ¼ cðSÞ � E0 � 1

2
Eg (3)

EVB
0 = ECB + Eg (4)
29824 | RSC Adv., 2025, 15, 29822–29835
where c(S) represents the Mulliken electronegativity of the
semiconductor, EVB

0, and ECB
0 are the valence band maximum

(VBM) and conduction band minimum (CBM), respectively, Eg
is the band gap energy and E0 is the scale factor relates the
electrode redox potential to the absolute vacuum scale (AVS),
typically E0 ∼ 4.5 eV for the normal hydrogen electrode (NHE).46

The Mulliken electronegativity (c) value for Sr5Ta4O15, calcu-
lated using the Millikan approximation,47–49 is 5.53 eV. This
value was utilized to calculate the band edge potentials. The
electronegativity c(S) of a compound is computed using the
following equation:

cðSÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
c
Z1

1 c
Z2

2 c
Z3

3 ...c
Zn�1

n�1 c
Zn
n

N

q
(5)

where N is the total number of atoms in the compound, cn
Zn

represents the electronegativity of the constituent atom, and Zn
is the number of atoms of that species. The electronegativity of
an individual element, ci, is given by:

ciðSÞ ¼
EIE

i þ EAE
i

2
(6)
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (a) Crystal structure, (b) band structure, (c) partial DOS and (d) absorption spectrum of Sr5Ta2V2O15 as a function of photon energy.
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Here, EIEi is the ionization energy, EAEi is the electron affinity
energy and ciis the electronegativity of the element.

The pH of solutions signicantly inuences the redox
potential, affecting the conduction and VB edges. This rela-
tionship is expressed below as a function of pH:50,51

ECB
pH = ECB

0 − 0.05911 × (pH − pHpzc) (7)

EVB
pH = ECB

pH + Eg (8)

where pHpzc is the pH value at the point of zero charge (pHpzc= 0).
3. Results and discussion
3.1 Structural, electronic and optical properties of pure
Sr5Ta4O15

Sr5Ta4O15, crystallizes in a trigonal system, with space group
P�3m1 as shown Fig. 2(a).15 Using this structure, the initial lattice
parameters were a = 5.65 Å and c = 11.49 Å.37 Aer optimiza-
tion, the lattice parameters were found to be a = 5.69 Å and c =
11.62 Å.
© 2025 The Author(s). Published by the Royal Society of Chemistry
To gain insights into the optical properties, we analyzed the
electronic properties by calculating the band structures
(Fig. 2(b)) and the partial density of states (DOS) (Fig. 2(c)).

As shown in the DOS in Fig. S1, applying the GGA + U
correction52 slightly increases the band gap of pure Sr5Ta5O15

from 3.11 eV to 3.22 eV, representing only a minor adjustment.
Since the d orbitals of Ta are localized in the CB, the Hubbard
correction is not expected to signicantly affect the band gap
value.

Fig. 2(b) shows that the VBM is located at the G point, and
CBM is found at A point. This means that there is an indirect
band gap and its value is 3.11 eV, in concordance with the
previous reported value of 2.98 eV.2

To gain more insight into the electronic structure, we turn to
the partial and total DOS shown in Fig. 2(c) and S2(a), respec-
tively. The partial DOS (Fig. 2(c)) reveals that the contribution of
the p orbital of the O anion is dominant near the VB with a very
small contribution from the other orbitals of the Sr and Ta
cations. On the other hand, near the CB, we can observe the
dominance of the 5d orbital of Ta. This suggests that electronic
RSC Adv., 2025, 15, 29822–29835 | 29825
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Fig. 4 DOS of (a) Sr5Ta4O14, (b) Sr5Ta4O14.5, (c) Sr5Ta2V2O14 and (d) Sr5Ta2V2O14.5.
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transitions are likely to occur between O-2p and Ta-5d states,
which is a common feature in tantalate-based oxides.53,54

The total DOS in Fig. S2(a) conrms the presence of a well-
dened band gap, with no signicant states within the gap
region. The shape and position of the DOS curves reinforce the
band structure ndings and highlight the crucial role of Ta–O
interactions in determining the material's semiconducting
properties.

The optical responses of the Sr5Ta4O15 phase are calculated
for photon energies up to 10 eV. The real and imaginary parts of
the dielectric function in relation to the absorption coefficient
are presented in Fig. 2(d). The absorption coefficient “a” can be
deliberated by the following term:55

aðuÞ ¼ 2u� kðuÞ ¼
ffiffiffi
2

p hn
31ðuÞ2 þ 32ðuÞ2

o1=2

� 31ðuÞ
i1=2

(9)

where 31 is the real part and 32 the imaginary part of the
dielectric function.

The absorption spectrum demonstrates an absorbance in
the UV range, accounting for only 5% of solar radiation. Also, it
shows a rst peak located at 4.6 eV, which corresponds to the
optical gap Egopt = 3.98 eV (see Fig. S3(a)). This value is slightly
smaller than the experimentally reported optical gaps, which
range from Egopt = 4.51 eV36 to Egopt = 4.75 eV.37 Whereas, the
29826 | RSC Adv., 2025, 15, 29822–29835
other peaks arise from transitions along the K, G, L, and A
directions from the VB to the CB.

When light is polarized along the x- and z-axes, it generates
two distinct spectra. This polarization-dependent behavior
provides insight into the anisotropic properties of the material.
3.2 Vanadium substitution in Sr5Ta4O15

Understanding the optical properties of a material is essential
for its application. In this study, we investigate how V substi-
tution at Ta sites affects the material's optical properties. The
following sections present the results of our calculations,
focusing on the changes in the DOS, band structure, and band
gap induced by V doping.

Fig. 3(a) presents the structure obtained by substituting V at
50% of the Ta sites. Aer optimizing the cell parameters and
atomic positions, we calculated the DOS and band structure.

The results, shown in Fig. 3(c) and S2(b), reveal clear changes
in the electronic structure caused by V doping. The partial DOS
in Fig. 3(c) shows that V-3d orbitals contribute signicantly
within the band gap region, especially just below the CB edge.
This leads to the formation of mid-gap states, which are local-
ized energy levels, were not present in the undoped material.
These mid-gap features are also clearly visible in the total DOS
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Band structures of (a) Sr5Ta4O14, (b) Sr5Ta4O14.5, (c) Sr5Ta2V2O14 and (d) Sr5Ta2V2O14.5.

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

2 
A

ug
us

t 2
02

5.
 D

ow
nl

oa
de

d 
on

 1
1/

9/
20

25
 2

:2
6:

25
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
in Fig. S2(b), where the band gap is no longer clean and wide,
but slightly lled by these new states.

These changes reduce the band gap from 2.98 eV in the
pristine Sr5Ta4O15 to 2.45 eV in the V-doped version. Fig. 3(b)
conrms this reduction, showing an indirect band gap similar
to the original structure.
Fig. 6 Absorption spectrum of Sr5Ta4O14, Sr5Ta4O14.5, Sr5Ta2V2O14, and

© 2025 The Author(s). Published by the Royal Society of Chemistry
The mid-gap states introduced by V slightly enhance light
absorption near the visible-UV boundary, as illustrated in
Fig. 3(d), indicating an improvement in optical properties due
to doping. The optical gap decreases from a range of 2.97 eV to
3.05 eV (Egopt = 2.97 eV for lower energy transitions and Egopt =
3.05 eV for higher energy transitions, as shown in Fig. S3(b)),
Sr5Ta2V2O14.5 as a function of photon energy.

RSC Adv., 2025, 15, 29822–29835 | 29827
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Fig. 7 (a) Band structures of Sr5Ta4O15, Sr5Ta4O14.5, Sr5Ta4O14, Sr5-
Ta2V2O15, Sr5Ta2V2O14.5 and Sr5Ta2V2O14, photocatalysts, with red
dashed lines representing the redox potentials of H+/H2 and O2/H2O.
(b) Hydrogen yield analysis of the photocatalysts.
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compared to the 3.98 eV gap of pure Sr5Ta4O15. This reduction is
attributed to themid-gap states and crystal eld splitting, which
separates V d-orbitals into partially lled t2g and eg states.
Transitions between t2g and eg levels occur, with the lowest
energy transition at 2.85 eV. This change in the optical gap
made by this material retains the same anisotropic properties as
the pure Sr5Ta4O15 when light is polarized along the x- and z-
axes.
3.3 Effect of oxygen vacancies

The electronic properties of Sr5Ta4O15, along with its V-doped
variant, Sr5Ta2V2O15, can be signicantly modied by intro-
ducing OVs. These vacancies create defect states within the
material's band structure, altering its electronic behavior. In
particular, OVs act as electron donors, which can boost
conductivity and improve overall electronic performance.

To reduce the concentration of OVs, we created a supercell
with dimensions 1 × 1 × 2, which helps to control the vacancy
density more effectively. For Sr5Ta4O15 (Fig. 4(a) and (b)), OVs at
concentrations of 6.66% (Sr5Ta4O14) and 3.33% (Sr5Ta4O14.5)
lead to the formation of mid-gap states associated with Ta 5-
d orbitals. These mid-gap states, located near the Fermi level,
29828 | RSC Adv., 2025, 15, 29822–29835
facilitate electron excitation from the VB to CB. When OVs are
combined with V doping (Fig. 4(c) and (d)), the band gap is
further reduced. Donor states introduced by the 3d orbitals of V
lower the energy gap between the valence and conduction
bands, improving light absorption and electron–hole pair
generation for photocatalytic reactions. The DOS (Fig. 4) and
band structure (Fig. 5) illustrate the narrowing of the band gap,
which enables the material to absorb a wider spectrum of light.

Additionally, Fig. 6 highlights the synergistic effect of doping
and OVs on absorption enhancement. The absorption spectra
reveal a substantial increase in absorption intensity in both the
visible and UV regions for materials exhibiting combined
doping and defects. This enhancement is attributed to the
interaction of mid-gap states and donor states, which together
create additional pathways for light-induced electron transi-
tions. The material also retains its anisotropic optical proper-
ties, as evidenced by polarization-dependent absorption along
the x- and z-axes.

To gain deeper insight into the electronic impact of OVs, we
performed Bader charge56 analysis to examine how charge is
redistributed around the defect sites. Our results show
a noticeable decrease in Bader charge on the Ta atoms that were
originally bonded to the missing oxygen atom. In the pristine
Sr5Ta4O15 structure, Ta atoms typically exhibit a Bader charge of
about +2.83e, while the oxygen atom carries a charge of
approximately −1.31e. When an oxygen atom is removed
(creating Sr5Ta4O14), its charge is primarily redistributed onto
the neighboring Ta atoms, with a smaller portion spreading to
adjacent atoms.

In the V-doped structure (Sr5Ta2V2O15), when an oxygen
atom is removed, forming Sr5Ta2V2O14, the vacancy region
retains a Bader charge of approximately −1.07e, indicating that
a signicant amount of electron density remains localized near
the defect site. This excess charge is primarily transferred to the
adjacent V atom, whose Bader charge decreases from +2.20e in
Sr5Ta2V2O15 to +1.78e in Sr5Ta2V2O14, reecting a notable gain
in electron density. The rest of the redistributed charge is
shared among neighboring atoms.

This behavior highlights the donor-like nature of OVs, which
introduce localized states within the band gap. These states
facilitate effective charge separation and suppress electron–hole
recombination, key factors in enhancing photocatalytic
performance.
3.4 Photocatalytic properties

For efficient water splitting in a semiconductor photocatalyst,
the band gap energy (Eg) should exceed 1.23 eV. Additionally,
the CB edge must be positioned above the water reduction level
(H+/H2) at 0 V vs. NHE, while the VB edge should lie below the
water oxidation level (O2/H2O) at 1.23 V vs. NHE. When illumi-
nated with photons of energy equal to or greater than the
semiconductor photocatalyst's band gap energy, electrons move
from the VB to the CB by creating holes in the VB. Subsequently,
the electrons reduce H+ to H2, while the holes simultaneously
oxidize H2O to H+ and O2, resulting in overall water splitting.
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 Band edges as a function of pH for (a) Sr5Ta4O15, (b) Sr5Ta2V2O15, (c) Sr5Ta4O14.5, (d) Sr5Ta2V2O14.5, (e) Sr5Ta4O14 and (f) Sr5Ta2V2O14.
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To verify these criteria, we calculated the potentials of the
CBM and VBM for The Sr5Ta4O15 material using formulas (3)
and (4).

The calculated CBM and VBM potentials of Sr5Ta4O15 are
displayed in Fig. 7(a).
© 2025 The Author(s). Published by the Royal Society of Chemistry
The VBM of Sr5Ta4O15 is higher than the oxidation potential
of O2/H2O (+1.23 V vs. NHE), indicating that the photogenerated
holes (h+) possess sufficient oxidative power to drive water
oxidation and produce oxygen, as described by the equation:

H2Oþ 2hþ/2Hþ þ 1

2
O2 (10)
RSC Adv., 2025, 15, 29822–29835 | 29829
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Table 1 Calculated band edge offsets (Dc) of VBM and CBM for
Sr5Ta4O15 systems with V-doping and OVs

System Dc VBM (eV) Dc CBM (eV)

Sr5Ta4O14.5 1.85 −0.62
Sr5Ta4O14 1.82 −0.59
Sr5Ta2V2O14.5 1.73 −0.56
Sr5Ta2V2O14 1.63 −0.46
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The CBM lies approximately 0.525 eV below the H+/H2

reduction potential (0 V vs. NHE), suggesting that the photog-
enerated electrons (e−) have adequate reduction potential to
reduce protons and generate hydrogen, as represented by the
formula:

2H+ + 2e− / H2 (11)

The simultaneous reduction of H+ and oxidation of H2O
prevents hole accumulation in the VB, thus minimizing unde-
sired recombination between e− and h+.

The CBM and VBM potentials for the V-doped and oxygen-
vacancy-modied structures are shown in Fig. 7(a). In these
materials, h+ remain below the O2/H2O redox potential, while e−

are positioned above the H+/H2 reduction potential. The band
gap values are 3.11 eV, 2.47 eV, 2.41 eV, 2.45 eV, 2.3 eV, and
2.1 eV for Sr5Ta4O15, Sr5Ta4O14.5, Sr5Ta4O14, Sr5Ta2V2O15, Sr5-
Ta2V2O14.5, and Sr5Ta2V2O14, respectively. In agreement with
recent mechanistic models,57 the positioning of the conduction
and valence bands in V-doped Sr5Ta4O15 suggests that photog-
enerated electrons and holes possess sufficient potential for H2

and O2 evolution, respectively.
Surface states introduced by OVs and V doping are posi-

tioned closer to the H+/H2 reduction potential, except for
Sr5Ta4O14.5 and Sr5Ta4O14, where these states are located below
the H+/H2 reduction potential. These observations indicate that
materials doped with V and modied by OVs have a greater
potential to produce hydrogen compared to pure Sr5Ta4O15 (see
Fig. 7(b))58,59

Fig. 8 shows the evolution of the CBM and VBM positions of
pristine Sr5Ta4O15, its V-doped variant, and structures con-
taining OVs as a function of pH, compared with the redox
potentials relevant to water splitting.

In Fig. 8(a), the pristine Sr5Ta4O15 exhibits band edges well
aligned with the H+/H2 and O2/H2O redox levels across a broad
Table 2 Effective mass values, concentration of electrons, and hydroge

Effective mass of electron (m0) Effective mas

Sr5Ta4O15 0.97 1.87
Sr5Ta4O14,5 1.17 1.41
Sr5Ta4O14 2.82 5.67
Sr5Ta2V2O15 4.19 1.86
Sr5Ta2V2O14,5 3.08 2.20
Sr5Ta2V2O14 6.34 2.83

29830 | RSC Adv., 2025, 15, 29822–29835
pH range. Fig. 8(b) demonstrates that V doping preserves this
favorable alignment, with both CBM and VBM remaining suit-
ably positioned to drive hydrogen and oxygen evolution.
Fig. 8(c)–(f) highlight the effects of introducing OVs and
additional V doping. Although the band edges shi slightly in
these modied structures, they continue to straddle the water
redox levels, particularly near neutral pH (6–8). The calculated
band edge offsets are presented in Table 1.

These values conrm that photogenerated electrons and
holes in all studied structures retain sufficient redox potential
to drive H2 and O2 evolution.

Under acidic conditions (low pH), the driving force for
hydrogen evolution diminishes slightly as the CBM approaches
the H+/H2 level. In contrast, near-neutral pH provides a better
balance between band alignment and redox potentials, sup-
porting optimal photocatalytic performance.

Overall, pristine Sr5Ta4O15, V-doped variants, and OV-
containing structures all maintain suitable band positions for
water splitting across a wide pH range. Nonetheless, near-
neutral or mildly basic conditions are most favorable, offering
sufficient kinetic driving force while minimizing band
misalignment and charge-recombination losses.18,60,61

The hydrogen production rates for the materials are pre-
sented in Fig. 7(b) and Table 2. A signicant improvement is
observed compared to the undoped material. This enhance-
ment is attributed to mid-gap states introduced by V doping,
where the 3d orbitals of V and 5d orbitals of Ta act as donor
levels. These donor levels facilitate electron transfer to the CB,
improving charge separation and reducing recombination
rates.

These ndings demonstrate that V doping and OVs signi-
cantly enhance the photocatalytic performance of Sr5Ta2V2O15,
making it a promising material for hydrogen production.

For the quantum efficiency (QE), we use the following
equation:62

QE = (1 − R(E)) × (1 − e−a(E)t) (12)

where R(E) is the reectivity, a(E) is the absorption, and the
sample thickness t is set to 500 nm.63 The QE measures how
efficiently the material uses light at different energies. The
Fig. 9(a) shows that the pure Sr5Ta4O15 material has low QE,
indicating it is transparent to light at lower energies. Aer
doping with V and introducing OVs, new defect states are
created, which improve the material's ability to absorb light,
increasing the QE.
n yield

s of hole (m0) Concentration of electrons H2 yield

2.39 × 1019 cm−3 2.85 mmol g−1

3.16 × 1019 cm−3 13.8 mmol g−1

1.18 × 1020 cm−3 64.4 mmol g−1

5.69 × 1019 cm−3 30.6 mmol g−1

2.14 × 1020 cm−3 86.07 mmol g−1

3.99 × 1020 cm−3 259.8 mmol g−1

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 (a) QE and (b) STH efficiency of Sr5Ta4O15: effects of doping and OVs.
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The solar-to-hydrogen (STH) efficiency was determined using
the following formula:64

STHð%Þ ¼ rH2
� DG

Plight � S
� 100 (13)

where rH2
is the hydrogen evolution rate (H2 yield), DG is the

Gibbs free energy for water splitting, Plight is the solar power
input, and S is the irradiation area. For our calculations, we
assume standard 1-sun (AM 1.5G) conditions with a light
intensity of 1000 W m−2 and assume the QE at its maximum
value. Based on these conditions, we estimate a theoretical
upper limit for the STH efficiency, as shown in Fig. 9(b). Our
© 2025 The Author(s). Published by the Royal Society of Chemistry
ndings also shows that Sr5Ta2V2O14 stands out with an
impressive STH efficiency of 17.1%, compared to only 0.19% for
the undoped Sr5Ta4O15.

To highlight the performance of our V-doped Sr5Ta4O15

system with OVs, we compared it with other promising photo-
catalysts in terms of hydrogen production and STH efficiency, as
shown in Table 3. Our system outperforms widely studied oxide
photocatalysts such as CeO2 (32 mmol g−1)65 and N-/Br-doped
TiO2 (4.4–5.2 mmol g−1),66 demonstrating the strong impact
of V doping and OV engineering in enhancing photocatalytic
activity. This performance also rivals that of BiAgOS (289.56
RSC Adv., 2025, 15, 29822–29835 | 29831
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Table 3 Comparison of H2 yield and STH efficiencies of V-doped
Sr5Ta4O15 with OVs and other reported photocatalysts

Systems H2 yield STH References

Sr5Ta4O15 2.85 mmol g−1 0.19% This work
Sr5Ta4O14 64.4 mmol g−1 4.24% This work
Sr5Ta2V2O15 30.6 mmol g−1 2.01% This work
Sr5Ta2V2O14 259.8 mmol g−1 17.1% This work
CeO2 32 mmol g−1 — 65
N–TiO2 4.4 mmol g−1 — 66
Br–TiO2 5.2 mmol g−1 — 66
MAPbI3 150 mmol g−1 — 18
BiAgOS 289.56 mmol g−1 19.06% 17
CsGeCl2I (−6% strain) — 14.60% 67
InP (2D) (+6% strain) 15.96 mmol g−1 — 68
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mmol g−1, 19.06%)17 and surpasses those of strained CsGeCl3,67

2D InP,68 and MAPbI3 (150 mmol g−1).18
4. Conclusion

In conclusion, we opted the DFT method within the Quantum
ESPRESSO package, employing the GGA approximation to
examine the structural, electronic, and optical properties of
Sr5Ta4O15. Hence, the outcomes demonstrate that Sr5Ta4O15 is
a semiconductor with a 3.11 eV band gap and absorbs light in
the UV range. The introduction of OVs in Sr5Ta4O15 and its V-
doped form, Sr5Ta2V2O15, signicantly improves its electronic
properties and enhances hydrogen production efficiency. OVs
act as electron donors, increasing CB electron density and
promoting charge separation. Notably, V doping reduces the
band gap of Sr5Ta2V2O15 to 2.45 eV, enhancing charge carrier
generation. These ndings highlight Sr5Ta4O15, with optimized
OVs and V doping, as promising candidates for photocatalytic
hydrogen generation. Further material optimization could
accelerate the development of efficient, sustainable photo-
catalytic systems for renewable energy applications. To
strengthen the validity of our results, we propose validating the
theoretical ndings by comparing them with experimental
measurements of the material's optical and photocatalytic
properties. This will provide a more comprehensive under-
standing of the material's behavior and further support the
accuracy of our computational results.
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