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s mediated enhanced
photocatalytic activity of band gap engineered
BaSn1−xCuxO3 towards methylene blue
degradation under visible and sunlight†

Suruthi Rajendran and R. Vijayaraghavan *

Photocatalysis, an advanced oxidation process (AOP), has beenwell explored as a promising and sustainable

technology for tackling environmental pollution. This method involves semiconductors which generate

powerful reactive oxygen species, capable of breaking down organic pollutants, on excitation with

appropriate light energy. Among the diverse range of oxide semiconductors explored, perovskite oxides

are an important family. While BaSnO3 is a known perovskite photocatalyst, its intrinsic photocatalytic

efficiency is limited by poor separation of charge carriers. To overcome this, a proven strategy is to

create oxygen vacancies. These defects suppress electron–hole recombination leading to enhanced

photocatalytic degradation. Hence, we have synthesized the system BaSn1−xCuxO3 (x = 0.0 to 0.2) and

characterized well. Synthesis of the BaSn1−xCuxO3 series was successfully carried out via a facile solid-

state reaction route. Powder X-ray diffraction (XRD) confirms the phase purity and cubic crystal

structure. Fourier transform infrared spectroscopy (FT-IR) confirms the Ba–O, Sn–O, Cu–O vibrations.

The surface morphology and particle size distribution examined using field emission scanning electron

microscopy (FE-SEM) reveal that the particles are cubic in shape. The optical properties investigated

using ultraviolet diffuse reflectance spectroscopy (UV-DRS) indicate the band gaps to be in the range of

3.15–2.42 eV. Photoluminescence study confirms the effective charge carrier separation on doping with

Cu. Its photocatalytic activity under visible and sunlight using methylene blue (MB) as a model pollutant

has been studied. Indeed, we could enhance the photocatalytic activity of BaSnO3 and Cu doping at the

Sn site (x = 0.2) exhibits 8 times higher rate constant than the parent phase under visible light and 60

times higher under sunlight respectively. The degradation percentages of MB are more than 95% in the

doped phase in 30 min in both visible & sunlight whereas the parent phase exhibits it in 3 h. The

significantly enhanced activity can be attributed to the oxygen vacancies created due to the substitution

of Sn4+ by Cu2+. We have also proposed a possible degradation pathway. This study constitutes the first

documentation of the photocatalytic activity of BaSn1−xCuxO3, thereby opening new avenues for its

potential applications in environmental remediation.
1 Introduction

The treatment of organic matter in wastewater has become the
focus of attention in environmental remediation. With the
rapid development of industry and agriculture, serious water
pollution results from the emission of many organic
pollutants.1–4 Synthetic dyes, including methylene blue (MB),
widely used in industries like textiles, pose signicant health
risks. These risks include carcinogenic effects, mutagenicity,
dermatological issues, and other serious health problems.5–12
d Sciences, Vellore Institute of Technology,
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24814
The most popular techniques for eliminating contaminants
include chemical, biological, and physical adsorption
techniques.13–15 In recent years, there has been a lot of interest
in heterogeneous photocatalytic destruction of refractory
organic contaminants from water by semiconductors.16,17

Perovskite-type semiconductor oxides have garnered signicant
interest for their photocatalytic properties, driven by their cost-
effectiveness, exceptional catalytic performance, and environ-
mental compatibility.18–20 The perovskite oxides of the general
formula, ABO3, formed between the oxides of alkaline-earth
metals (A = Ca, Sr, and Ba) and those of the group IV
elements are of great industrial and technological importance.
For photocatalytic pollutant degradation, a range of perovskite
materials have been investigated, including, ASnO3 (A = Ca, Sr,
Ba), LaCoO3, BaZrO3, and LaNiO3. Among these, BaSnO3,
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 (a) XRD patterns of BAS, BAS005, BAS01, BAS02 (b) Gaussian curve.

Table 1 Lattice parameter and strain of BaSn1−xCuxO3

Composition x Lattice parameter (Å) Strain × 10−3

0.0 4.116(3) 0.86
0.05 4.012(3) 1.27
0.10 3.934(5) 1.66
0.20 3.728(8) 4.32
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a simple cubic perovskite, is an electrical insulator character-
ized by a wide band gap of 3.1 eV.21,22 Properties of BaSnO3 have
been modied by heterovalent substitutions both at Ba site
(La3+) and Sn site (Nb5+, Ni2+, Cr3+, Mn3+, Sb5+, Fe3+) and studied
for its magnetic, electrical properties.23–29 Fe3+ substitution30

only has been studied for its photocatalytic activity (for dye
degradation) and it exhibits a degradation of 93% in 4 h which
is much lower than the present study of Cu2+ substitution. Cu2+
Fig. 2 FT-IR spectra of BAS, BAS005, BAS01, BAS02.

© 2025 The Author(s). Published by the Royal Society of Chemistry
substituted BaSnO3 has not yet been studied for its photo-
catalytic activity and it is expected to enhance the performance
due to oxygen vacancies created.

BaSnO3's outstanding optoelectronic characteristics, strong
electron mobility, and appropriate energy band alignment
make it a promising material for photocatalytic applications.
However, the high charge carrier recombination rate and low
visible-light absorption range limit the visible-light photo-
catalytic efficiency of BaSnO3.31 To deal with these challenges,
various strategies32–34 as heterojunction formation, morphology
control, and defect engineering (e.g., doping and oxygen
vacancies) have been adopted to enhance its performance.35

Introducing oxygen vacancies (OVs) is a proven strategy for
enhancing photocatalyst performance.36,37 These defects modify
the catalyst's electrical and chemical properties at themolecular
level, leading to improved activity. Oxygen vacancies are crucial
for photocatalysis. These defects in the material's structure
affect its electronic properties, charges movement within it, and
surface reactivity. All of these factors are essential for efficient
light absorption and the catalytic reactions that drive
photocatalysis.38

In this work, we present Cu-doped BaSnO3 with oxygen
vacancies as an efficient photocatalyst for degrading MB dye
under visible and sunlight. The Cu doping and associated
oxygen vacancies in BaSnO3 enhance visible light absorption,
improve charge carrier separation, and boost surface reaction
kinetics. The synthesized Cu-doped BaSnO3 with oxygen
vacancies exhibit signicant degradation of MB dye under both
visible and sunlight irradiation, making them a potential
candidate for practical applications in wastewater treatment.
The ndings of this study will contribute to the development of
efficient and sustainable photocatalytic technologies for envi-
ronmental remediation.
RSC Adv., 2025, 15, 24802–24814 | 24803
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2 Experimental section
2.1 Materials

The chemicals used for the synthesis of Cu-doped BaSnO3

nanoparticles are as follows; barium carbonate (BaCO3, 99%)
copper oxide (CuO, 99%), and tin oxide (SnO2, 99%) were
procured from SD ne chemicals methylene blue
(C16H18ClN3S), were purchased from SRL Chemicals and used
as received without any further purication.

2.2 Synthesis of Cu-doped barium stannate

Solid-state ceramic method was employed to prepare BaSn1−x

CuxO3 (x = 0.0 to 0.2) powder. Stoichiometric amounts of
barium carbonate (BaCO3), tin oxide (SnO2), and cupric oxide
(CuO) were mixed in an agate motor. The homogeneous mixture
thus obtained was heated in an alumina crucible to a tempera-
ture of 1200 °C for 24 h with intermittent grindings. BaSnO3 is
named BAS, BaSn0.95Cu0.05O3 as BAS005, and BaSn0.9Cu0.1O3 as
BAS01, BaSn0.8Cu0.2O3 as BAS02.

2.3 Photocatalytic experiment

The appropriate amount of the catalyst was suspended in 50 ml
of the dye (methylene blue) solution. Before light irradiation,
Fig. 3 (a and b) FESEM image of BAS, (c) EDAX of BAS, (d and e) FESEM im
EDAX of BAS01, (j and k) FESEM image of BAS02, (l) EDAX of BAS02.

24804 | RSC Adv., 2025, 15, 24802–24814
the suspension of the photocatalyst with the pollutant solution
was kept in the dark for 30 min to attain adsorption–desorption
equilibrium. 18 W UV-low pressure (mercury lament) lamp
18 W cm−2/254 nm was used as an ultraviolet light source for
BAS. A 500 W visible lamp (tungsten) 500 W cm−2 was used as
a light source for BAS005, BAS01, BAS02, to degrade the
pollutant. At regular time intervals, a 2 ml sample was collected
and centrifuged at 4000 rpm. The absorbance of the superna-
tant liquid was analyzed by an ultraviolet-visible spectropho-
tometer (JASCO V-730) at an appropriate wavelength for
degradation studies. The same procedure was carried out for
pollutant degradation in an ambient sunlight experiment con-
ducted at Vellore Institute of Technology, Vellore (latitude
12.970565; longitude 79.159484) in Tamil Nadu, India.

Degradation efficiency (%) = [(C0 − Ct)/C0] × 100 (1)

where, C0 and Ct were the concentrations of the pollutant at the
initial time and certain time, respectively.
2.4 Characterization of BaSn1−xCuxO3

The synthesized BaSn1−xCuxO3 product was characterized by
powder X-ray diffraction (XRD) using PANalytical X'Pert3 with
age of BAS005, (f) EDAX of BAS005, (g and h) FESEM image of BAS01, (i)

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Cu Ka radiation (l = 1.5406 Å). The surface morphology and
elemental mapping for BaSn1−xCuxO3 were studied using
Thermo Fisher FEI QUANTA 250 (FESEM) equipped with an
energy-dispersive X-ray analysis unit operating at 30 kV. The X-
ray photoelectron spectroscopy (XPS) were recorded using
a Thermo Scientic K-Alpha X-ray Photoelectron Spectrometer
System. Fourier transform infrared (FT-IR) spectra were studied
using a Thermo Scientic (Nicolect iS10) spectrometer. The
bandgap and degradation process were analyzed using a UV-
visible-NIR spectrophotometer (JASCO V-670). USA. High-
resolution mass Spectra (HR-MS) were recorded using
a Waters – XEVO G2-XS-QToF mass spectrometer (sequence of
measurements).
3 Results and discussion
3.1 Structural and morphological characterization of
BaSn1−xCuxO3

3.1.1 X-ray diffraction. The X-ray diffraction patterns
(Fig. 1(a)) of the synthesized products, conrm the single phase
formation of BaSn1−xCuxO3 up to x = 0.2. The obtained
diffraction peaks observed for the pristine BaSnO3 at 2q values
Fig. 4 Calculated histogram for particle size of (a) BAS and (b) BAS005

© 2025 The Author(s). Published by the Royal Society of Chemistry
of 30.85, 38.06, 44.16, 54.63, 64.12, and 72.85° can be indexed to
the (110), (111), (200), (211), and (310) diffraction planes, con-
forming to the JCPDS data card (no. 15-0780). Fig. 1(a) conrms
the formation of single-phase BaSnO3 with a perovskite struc-
ture and the successful incorporation of Cu without altering the
crystal structure.39,40 Though we expect a slight increase of
lattice parameter with Cu doping, the decrease in lattice
parameter (Fig. 1(b), and Table 1) with increase in Cu doping
can be attributed to the partial disorder of Cu at Ba site, in the
crystal lattice. Earlier literature of Cu substituted BaSnO3

reports Cu substitution at Ba Site.41–43 There have been earlier
reports on grain growth during the synthesis process upon
substitution.44–49

The lattice strain calculated using Williamson–Hall plot is
given in Table 1. The strain increases with increase in Cu2+

substitution.50
3.2 FTIR analysis

The FTIR spectra of the pure BaSnO3 and Cu-doped BaSnO3

samples measured in the range 4000–400 cm−1 are shown in
(Fig. 2). The IR spectra absorption band below 1000 cm−1

correspond to the deformation modes of Sn–O bonds in SnO6
(c) BAS01 (d) BAS02.

RSC Adv., 2025, 15, 24802–24814 | 24805
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Fig. 5 XPS analysis of pure BAS and BAS02 powder sample (a). XPS survey spectrumOf BAS and BAS02 (b). Core level splitting of peaks of Ba (c).
The core level splitting of peaks of Sn (d). Valance band of BAS and BAS02 (e). Core level splitting of peaks of O and (f) core level splitting of peaks
of Cu 2p.
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octahedra51 and 1476 cm−1 which pertains Ba–O vibrations.52

The Cu–O stretching vibration, observed at 852 cm−1, appears
only in the Cu-doped sample.

3.3 FE-SEM analysis of BaSn1−xCuxO3

Field Emission-Scanning Electron Microscope (FE-SEM) anal-
ysis was employed to characterize the morphologies of synthe-
sized photocatalysts.53,54 Fig. 3 show the FE-SEM images and
Fig. 6 UV-DRS reflectance spectra and Tauc plot of Cu-doped BaSnO3

24806 | RSC Adv., 2025, 15, 24802–24814
elemental compositions of pure and Cu substituted BaSnO3. It
indicates cuboidal shape of the particles in general. With
increase in Cu doping, the cuboidal shape is more regular with
its size increasing. The surface roughness seems to increase on
going from 0.0 composition to 0.2 composition.53–55 The atomic
percentages of the elements present in the catalysts on the basis
of FESEM analysis are for BAS Ba = 18.2%, Sn = 17.44%, and O
= 64.70, BAS005 Ba = 15.3% Sn = 10.83% O = 73.44%, Cu =
.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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0.8%, and BAS01, Ba= 18.31%, Sn= 12.80%, O= 67.80%, Cu=

1.8% and BAS02, Ba = 19.22%, Sn = 18.38%, O = 60.2%, Cu =

3.9.
Fig. 4(a–d) show the histogram of particle sizes of the

compositions. Using ImageJ soware the particle size has been
calculated from FE-SEMmicrographs. The histogram tted with
a Gaussian function shows that BAS exhibits an average particle
size of 70 nm, while BAS005 with 88 nm, BAS01 with 102 nm,
BAS02 with 118 nm.
3.4 XPS analysis of BaSn1−xCuxO3

X-ray photoemission spectroscopy (XPS) was used to examine
the oxidation state and surface chemical interactions of pure
BaSnO3 and BaSn0.8Cu0.2O3.56,57 Fig. 5(a) display the XPS Survey
spectrum (look similar) of pure BAS and BAS02. The peaks in
the spectrum correspond to the elements Ba, Sn, O and Cu
elements in the photocatalyst. Fig. 5(b) presents the core-level
XPS spectra of Ba, displaying two peaks at 780.6 eV and
795.35 eV for BAS and 780.02 eV and 795.32 eV for BAS02. These
peaks correspond to the Ba 3d5/2 and Ba 3d3/2 states, respec-
tively,58 Fig. 5(c) illustrates the Sn 3d spectrum. For BAS, the
peaks corresponding to the Sn 3d3/2 and Sn 3d5/2 states appear
at 486.67 eV and 495.18 eV, respectively, with a peak separation
of 8.51 eV. Similarly, for BAS02, the Sn 3d3/2 and Sn 3d5/2 peaks
are observed at 486.62 eV and 495.08 eV, with a binding energy
separation of 8.0 eV. Fig. 5(d) shows the valence band spectrum
of BAS and BAS02, revealing a 0.22 eV shi towards the Fermi
level, suggesting a signicant reduction in the valence band
energy Fig. 5(e) present the deconvoluted O 1s spectra of BAS
and BAS02 (ref. 59 and 60) and Fig. 5(f) core level splitting of
peaks of Cu 2p. The Cu 2p XPS spectrum of BAS02 shows a Cu2+

peak at 932.98 eV for the Cu 2p3/2 state. This is unequivocally
conrmed by two characteristic shake-up satellites observed at
942.35 eV and 940.85 eV. These features collectively demon-
strate the presence of copper in the +2 oxidation state within the
sample. The O 1s spectrum exhibits peaks at 530.9 eV and
530.1 eV, corresponding to lattice oxygen, while a shoulder peak
at 533.4 eV and 532.5 eV indicates the presence of hydroxyl
groups in the samples. Importantly, an oxygen-vacancy-related
peak at 532.6 eV suggests an oxygen vacancy concentration of
27.80% for BAS and 33.8% for BAS02, indicating a higher
vacancy level in Cu-doped BaSnO3. The percentage for OL, OV
and OC in both BAS and BAS02 are detailed in Table S1.†
Fig. 7 PL spectra of BaSn1−xCuxO3.
3.5 UV-visible spectra of BaSn1−xCuxO3

The optical spectrum of the synthesized Cu-doped BaSnO3 was
examined by combining UV-vis diffuse reectance spectroscopy
(UV-vis-DRS) and photoluminescence emission spectrum (PL).61

In the DRS spectra, the absorption edges are in the range of
258–262 nm, Fig. 6. In Fig. 6, the Tauc plot is shown using the
Kubelk–Munk method and the band gaps of the system calcu-
lated are found to be in the range of 3.15–2.42 eV using the
formula, hv = A(hv − Eg)n/2 where a, h, n, A, and Eg, correspond
to the absorption coefficient, Planck's constant, light frequency,
a constant, and band gap energy, respectively62
© 2025 The Author(s). Published by the Royal Society of Chemistry
3.6 Photoluminescence spectra

As the photoluminescence (PL) of photocatalysts is related to
the recombination of photogenerated carriers, PL spectroscopy
is oen used to evaluate the carrier separation efficiency of
photocatalysts The PL spectrum is oen used to reveal the
separation of electron–hole (e−/h+) pairs in semiconductors.63

Therefore, the PL spectrum of BaSn1−xCux O3 is studied and is
shown in (Fig. 7).

PL intensity decreases continuously on doing with Cu indi-
cating that the dopant inhibits the recombination process of
electron–hole pairs and x = 0.2 exhibits the least intensity,
hence its photocatalytic activity is highest similar to that
observed in doped systems of SrTiO3.64 The compositions
exhibit intense emission around 424 nm corresponding to the
inter band transition and peaks in visible region indicating the
presence of oxygen vacancies. The emissions at 451, 470, 496
and 550 nm correspond to transitions in the constituent
elements as assigned by Payling and Larkins data.65
3.7 Photocatalytic activity

Methylene blue dye degradation under UV-visible irradiation is
illustrated to demonstrate the photocatalytic activity as followed
by the absorption maximum of MB at 663 nm with time control
experiment is included in Fig S1.† BaSnO3 shows the lowest
photocatalytic activity (Fig. 8) with 92% degradation in 3 h. The
photocatalytic activity of BaSn1−xCuxO3, where x= 0.05, 0.1, and
0.2 increases signicantly (Fig. 8) in comparison with that of
BaSnO3. It conrms almost the complete degradation of MB
dye, as indicated by the decrease in absorption intensities for
BAS02 within 30 minutes and the results are tabulated in Table
3. The rate constant increases with increase in Cu substitution
and the rate constant of x = 0.2 composition is 8 times higher
than that of the parent phase. The presence of oxygen vacancies
in Cu-doped BaSnO3 is believed to play a crucial role in
enhancing the photocatalytic activity. These vacancies act as
trapping sites for photogenerated electrons, promoting charge
RSC Adv., 2025, 15, 24802–24814 | 24807
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separation and facilitating the generation of reactive oxygen
species that degrade the MB dye. The effects of catalyst dosage
and dye concentration are studied.
Fig. 8 MB dye degradation and kinetics plot of BAS. MB dye degradatio

24808 | RSC Adv., 2025, 15, 24802–24814
3.8 Effect of catalyst dose

The quantity of the catalyst used for the photocatalysis reaction
plays a crucial role in determining the efficiency of the reaction
n and kinetics plot of BAS005, BAS01, BAS02.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 2 The degradation efficiency of BaSn1−xCuxO3

Composition Source Time (min)
% Of
degradation

Rate constant
(×10−2 min−1)

BAS UV 180 92 1.3
BAS005 Visible 50 98.9 7.1
BAS01 Visible 40 98.9 7.9
BAS02 Visible 30 98.9 10.3
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as it directly relates to the availability of the active sites.
Therefore, the catalyst dose was varied from 20 to 50 mg for the
photodegradation of MB and the results are shown in Fig. S2–
S4.† It reveals that the BAS02 efficiency increases linearly from
88.8 to 98.9% upon increasing the catalytic dose. Thus 50 mg is
xed as the optimized catalyst dose for further studies. Table
S2† depicts a comparison table showing the superior features of
the photocatalyst kinetics and dosage compared to literature
reports.

3.9 Effect of concentration of pollutant

The concentration of the pollutant directly impacts the overall
photocatalytic efficiency of Cu-doped BaSnO3. Generally, an
increase in pollutant concentration leads to a decrease in
degradation efficiency. To explore this, the pollutant concen-
tration was adjusted from 10 to 30 ppm (as shown in Fig. S4 and
S5†), using the optimized catalytic dose of 50 mg. From these
observations, it is evident that the Cu-doped BaSnO3 photo-
catalyst exhibits strong performance up to a pollutant concen-
tration of 10 ppm. Beyond this point, any further increase in
pollutant concentration reduces the overall photocatalytic effi-
ciency. Consequently, 10 ppm was established as the optimal
concentration for subsequent investigations.

3.10 Photocatalytic activity in sunlight

Solar power is a renewable source of energy which is naturally
available and abundant. Hence, sunlight for photocatalysis
prominently reduces energy consumption and promotes
sustainability. This study examined the sunlight-driven photo-
catalytic performance of copper-doped catalysts (BAS005,
BAS01, BAS02) and compared it to the parent material, BAS. The
photocatalytic performance, kinetic prole and percentage
degradation are given in (Fig. 9) and the results are tabulated in
Table 3. The rate constants increase with increase in Cu
substitution. The parent phase degrades the dye to 22% in 3 h
whereas the x = 0.2 degrades 98% in 30 minutes. The rate
constant of x = 0.2 composition is 60 times higher than that of
Table 3 The degradation efficiency of BaSn1−xCuxO3 under sunlight

Composition Source Time (min)
% Of
degradation

Rate constant
(×10−2 min−1)

BAS Sunlight 180 22.2 0.17
BAS005 Sunlight 50 98.9 7.2
BAS01 Sunlight 40 98.9 7.8
BAS02 Sunlight 30 98.9 10.4

© 2025 The Author(s). Published by the Royal Society of Chemistry
the parent phase. It can be attributed to the increase in oxygen
vacancies as Cu is substituted and these vacancies act as charge
separation centres. Additionally, Table S3† provides a compar-
ison of MB degradation under sunlight to existing literature
data.
3.11 HRMS analysis

High-resolution mass spectrometry (HRMS) provides precise
and detailed information about the molecular mass and frag-
mentation pathways of molecules (Fig. S6–S8†). In the MB
degradation process, which occurs through interaction with
reactive oxygen species (ROS) generated by the photocatalyst,
a total of 16 photo-intermediates were identied using HRMS
analysis.66–68 The plausible degradation mechanism follows
three distinct photodegradation pathways, as shown in (Fig. 10).
Pathway 1 starts with MB cation (P-1, m/z = 284), which
undergoes cleavage of one methyl group from the amine,
forming PA1 (m/z = 256). PA1 then undergoes a ring-opening
reaction with ROS, producing several intermediates, including
PA2 (m/z = 141), PA3 (m/z = 173), and PB5 (m/z = 158). Pathway
2 begins with the oxidation of the Thio group in MB, forming
sulfonic acid PB1 (m/z= 304). This is followed by a ring-opening
reaction, leading to the formation of PB2 (m/z = 249), PB3 (m/z
= 220), PB4 (m/z = 186), and PB5 (m/z = 158), which further
undergo cleavage in reaction with ROS. In Pathway 3, MB is
broken down at both methyl groups, producing intermediates
PC1 (m/z = 258), PC2 (m/z = 172), PC3 (m/z = 155), PC4 (m/z =
128), PC5 (m/z = 111), and PC6 (m/z = 94). Ultimately, all the
intermediates degrade further into smaller molecules and are
eventually eliminated as CO2 and H2O over an extended period.
3.12 Photocatalytic mechanism

The general mechanism that generates ROS in sunlight and
reaction conditions (visible light) is shown below. Electrons in
the valence band are excited to move into the conduction band,
creating holes in the VB and electrons in the CB. The dyes may
be deteriorated by cOH radicals and superoxide radicals, which
are produced when holes and electrons react with water and
oxygen, respectively.69–71
3.13 Photon absorption

When a photon with sufficient energy strikes the surface of Cu-
doped BaSnO3 nanoparticles, it can be absorbed by the semi-
conductor. This process excites electrons from the valence band
(VB) to the conduction band (CB), creating electron–hole pairs.
It involves the excitation of electrons from the valence band to
the conduction band resulting in holes in VB and electrons in
CB. Holes and electrons react with water and oxygen producing
cOH radicals and superoxide radicals, respectively that could
degrade the dyes. In sunlight and visible light, the mechanism
is the usual photocatalytic mechanism as shown in Fig. 11,
along with the proposed mechanism.

(1) Light absorption:

Cu–BaSnO3 + hn / e− OH + h+(VB) (2)
RSC Adv., 2025, 15, 24802–24814 | 24809
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Fig. 9 MB dye degradation of BAS and kinetics plot of BAS under sunlight. Sunlight MB dye degradation and kinetics plot of BAS005, BAS01, BAS02.
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(2) Charge separation:

e− + O2 / cO2
− (superoxide radical) (3)

h+ + H2O / cOH (hydroxyl radical) (4)
24810 | RSC Adv., 2025, 15, 24802–24814
Thus, valence band holes react with the chemisorbed H2O
molecules to produce reactive species such as cOH radicals that
attack dye molecules, leading to their degradation.

The valence band holes react with the chemisorbed H2O
molecules to produce reactive species such as cOH radicals eqn
(5) that attack dye molecules leading to its degradation.
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 11 Proposed band structure and photocatalytic mechanism.
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H2O + h+ / cOH + H+ (5)

On the other side, e−(CB) and h+(VB) can recombine on the
surface of the Cu-doped BaSnO3 particle within a short time,
and the resulting energy degenerates as heat. Besides, the
e−(CB) and the h+(VB) can be trapped in surface states, such as
Cu vacancies or oxygen vacancies, where they can react with
adsorbed species.

The e−(CB) could react with an acceptor, e.g., dissolved O2,
which consequently is transformed into a superoxide radical
anion (cO2

−) leading to the additional formation of HO�
2. This

process can be represented as

e− (CB) + O2 / cO2
− (6)

cO2
� þHþ/HO

�

2 (7)

The hydroperoxide radicals ðHO�
2Þ and the hydroxyl radicals

(cOH) can combine among themselves to form H2O2 and O2 as
shown in eqn (6) and (7):

HO
�

2 þ cOH/H2O2 þO2 (8)

HO
�

2 þHO
�

2/H2O2 þO2 (9)

H2O2 can combine with e−as given in eqn (10):

H2O2 + e− / cOH + OH− (10)

Cu Doping and Photocatalytic Mechanism:
When divalent Cu is doped into BaSnO3, oxygen vacancies

are created, and these can capture holes in the space charge
region, forming singly and doubly ionized vacancies, namely,
VO+ and VO++. These levels are present below the CB of Cu-
doped BaSnO3.72 These vacancies can trap the electrons
produced by the excitation as per eqn (11) and (12)
Fig. 10 Proposed possible degradation pathways of Methylene blue.

© 2025 The Author(s). Published by the Royal Society of Chemistry
h+ + VO / VO+ (11)

h+ + VO+ / VO++ (12)

These vacancies can ionize later, releasing electrons into the
CB as per eqn (13) and (14):

VO+ / e− + VO++ (13)

VO++ / e− + VO+ (14)

These electrons migrate to the surface to interact with O2 to
form superoxide radicals as per eqn (15):

e− + O2 / cO2
− (15)
�O2
− + cOH + MB dye / degraded MB dye products
RSC Adv., 2025, 15, 24802–24814 | 24811
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Cu+ + O2 / Cu2+ + cO2
− (16)

cO2
� þHþ/HO

�

2 (17)

HO
�

2 þMB dye/degraded MB dye products

MB dye / cOH / demethylated MB /

cleaved MB / CO2 + H2O

The Cu doping process thus enhances charge carrier sepa-
ration, preventing recombination, and hence the Cu-doped
BaSnO3 acts as a better photocatalyst than BaSnO3.

3.14 Summary of the mechanism

BaSn1−xCuxO3 acts as a visible-light-driven photocatalyst.
Copper doping enhances both light absorption and charge
carrier separation. The resulting hydroxyl and superoxide radi-
cals efficiently degrade methylene blue dye into less harmful
products.

4 Reusability studies

Aer 3 cycles, degradation products were centrifuged, washed
with DI water, and dried in the oven at 60 °C. Aerward, the
BAS02 photocatalyst was characterized through XRD and IR
depicted in the ESI (Fig. S9 and S10).† The XRD patterns indi-
cate that the photocatalyst's crystallinity remains mostly
unchanged even aer three cycles of use.

From (Fig. S11†), it is observed that the photocatalytic
activity was found to be 98.9% (1st cycle), 95.5 (2nd cycle), and
94.2% (3rd cycle) indicating that there is no signicant loss in
the activity. The above conrms the stability and reusability of
BAS02.

5 Conclusion

The BaSn1−xCuxO3 was successfully synthesized by a solid-state
method. XRD, FTIR, FESEM, XPS, UV, and PL analysis charac-
terized the prepared compounds. In this study, Cu-doped
BaSnO3 nanoparticles exhibited enhanced photocatalytic
degradation of methylene blue dye under visible and sunlight
irradiation. The Cu doping signicantly improved the photo-
catalytic efficiency of BaSnO3, with a degradation rate of 98.9%
under visible light and 98.9% under sunlight within 30
minutes. This enhanced performance is likely attributed to the
creation of oxygen vacancies due to the copper doping, which
facilitates charge separation and improves the overall photo-
catalytic process. The results highlight the potential of Cu-
doped BaSnO3 as a highly efficient and sustainable photo-
catalyst for dye degradation. These ndings contribute to the
development of innovative solutions for environmental reme-
diation and pollution control. The excellent photocatalytic
activity BaSn0.8Cu0.2O3 for MB degradation under visible light
irradiation, likely due to oxygen vacancies, makes them
a promising material for environmental remediation
applications.
24812 | RSC Adv., 2025, 15, 24802–24814
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