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Effect of cobalt doping on the physicochemical and
photocatalytic properties of Cu,BaSnS, thin films
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Cobalt (Co)-doped Cu,BaSnS, (CBTS) thin films were synthesized via the sol-gel dip-coating method to
investigate the effect of Co incorporation on their physicochemical properties and photocatalytic
activity. X-ray diffraction confirmed that the films crystallize in a trigonal structure, with a slight shift of
the favored (104) peak toward higher angles, while X-ray photoelectron spectroscopy verified effective
Co incorporation into the CBTS lattice. Surface morphology and roughness, examined by scanning
electron microscopy and atomic force microscopy, revealed a reduction in particle size and distinct
morphological changes with increasing Co content. UV-vis spectroscopy showed a blueshift in the
absorption edge, with the optical band gap widening from 1.78 eV (undoped) to 1.91 eV at 8 at%. The
optimized CBTS: Co (6 at%) film achieved 95% degradation efficiency of RhB dye after 120 min and
retained high reusability over five cycles. Quenching experiments and electron spin resonance (ESR)
analysis identified superoxide radicals (‘O,7) as the dominant reactive species, with the degradation
process following pseudo-first-order kinetics. These findings demonstrate that Co doping effectively
tunes the physicochemical properties of CBTS thin films, enhancing their photocatalytic efficiency and

rsc.li/rsc-advances

1. Introduction

Chalcogenide semiconductors are emerging as highly promising
sustainable materials due to their exceptional chemical and
thermal stability, compositional tunability, and adjustable
optical and electronic properties. These characteristics make
them ideal alternatives to conventional semiconductors, partic-
ularly in applications demanding non-toxic, earth-abundant, and
cost-effective solutions. Comprising sulfides, selenides, and
tellurides, chalcogenides offer remarkable flexibility in tailoring
band gaps, carrier concentrations, and crystal structures through
compositional modifications and doping strategies. As a resul,
they have been widely adopted in diverse fields such as photo-
catalysis, solar cells, and optoelectronics." Notably, their effi-
cient visible-light absorption and charge transport capabilities
have led to intensive research in photovoltaics, photoelectro-
chemical cells, and photodetectors. Furthermore, their high
dielectric constants, phase-change behavior, and strong infrared
absorption make them attractive for applications in phase-
change memory, infrared sensors, and optical switching
devices.* The combination of functional versatility with envi-
ronmental and economic benefits ranks chalcogenide semi-
conductors at the forefront of sustainable materials for next-
generation technologies. Numerous studies have focused on
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stability, and highlighting their potential as sustainable, non-toxic, and earth-abundant photocatalysts.

well-known photocatalysts such as TiO,, g-C;Ny, ZnO, and others,
all of which are n-type semiconductors with relatively wide band
gaps, as widely reported in the literature.>” In contrast, p-type
semiconductors photocatalysts have received relatively less
attention, despite their promising potential to facilitate improved
charge separation. As an emerging candidate in the chalcogenide
semiconductor industry, Cu,BaSnS, (CBTS) is an impressive
example. Compared to Se or Te-based materials, sulfur-based
materials offer advantages thanks to their non-toxic elemental
composition and earth-abundant nature, which have been inte-
grated into a wide range of devices for various applications, such
as solar cells (dye-sensitized, mesoporous, and planar),® and as
a photocathode material for photocatalytic water splitting.” In
addition, CBTS offers potential advantages over its well-known
counterpart Cu,ZnSnS, (CZTS), such as reduced cation disorder
and improved phase stability owing to the presence of the larger
Ba>" ion. Furthermore, CBTS has a suitable band gap (~1.9 eV)
and a high optical absorption coefficient (>10* ecm™*).** Never-
theless, the photocatalytic performance of CBTS-based thin films
remains limited due to challenges such as suboptimal crystal-
linity, high resistivity, and significant carrier recombination,
often attributed to structural defects and grain boundaries.
Various strategies have been employed to enhance the photo-
catalytic performance of CBTS materials, including tailoring the
morphology of the deposited layers, reducing charge carrier
recombination through heterojunction formation with other
materials, and modifying the catalyst surface to increase the
number of active sites."* Recently, A. Ali et al. showed that CBTS

© 2025 The Author(s). Published by the Royal Society of Chemistry
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quantum dots are effective for the photocatalytic degradation of
organic pollutants and exhibit notable antibacterial properties.*
Meanwhile, G. Hao et al. reported that CBTS nanoparticles
showed excellent performance in the removal of methylene blue
(MB) with a degradation efficiency of 93% under visible light
irradiation within 100 min."”® Previous studies have explored
dopants such as Ge, Sb, Ag, and alkali metals that could enhance
the optical, electrical, structural, and morphological properties of
CBTS films. So, doping strategies offer a powerful means to tailor
the electronic, optical, and structural properties of semi-
conductors. Employing optimal dopant concentrations and
combinations of different dopant elements can significantly
enhance electrical and microstructural properties of chalco-
genide semiconductor materials, promoting defect passivation.
These improvements collectively contribute to superior photo-
catalytic performance. Transition metal doping, in particular, can
influence carrier concentration and enhance trapping of elec-
trons to inhibit electron-hole (e /h") recombination during
irradiation." Previous investigations have demonstrated the
effect of Co-doping in many areas, such as the photocatalytic
activity of common photocatalysts,'>'® electromagnetic interfer-
ence shielding and microwave absorption technologies,"”
photovoltaic applications,*® and so on. Recently, Co-doped CZTS
films have demonstrated notable enhancements in grain size,
electrical conductivity, and efficiency of solar cells." To the best
of our knowledge, the impact of Co doping on the CBTS semi-
conductors remains largely unexplored, warranting further
investigation.

In this context, the present study investigates the effects of
Co doping on CBTS thin films synthesized via the sol-gel dip-
coating method, with a particular focus on their photo-
catalytic performance in degrading rhodamine B (RhB) dye
under visible light irradiation. Various analytical techniques,
including X-ray diffraction (XRD), Raman spectroscopy, X-ray
photoelectron spectroscopy (XPS), field emission scanning
electron microscopy (FESEM), atomic force microscopy (AFM)
and optical absorption and diffuse reflection measurements,
were employed to examine the physico-chemical properties of
CBTS: Co. Among these, CBTS: Co (6 at%) demonstrated the
most notable enhancement in catalytic performance for RhB
degradation under visible light irradiation. This improvement
is attributed to the synergistic effects of Co doping, which
facilitates charge carrier separation, increases conductivity, and
introduces beneficial surface states. Besides, electron spin
resonance (ESR) spectroscopy and radical quenching experi-
ments confirmed that the high activity of CBTS: Co (6 at%) in
RhB degradation is mainly due to the abundant generation of
superoxide radicals 'O, .

2. Experimental details
2.1 Materials and reagents

All reagents used in the synthesis of CBTS films were of
analytical grade and obtained from commercial sources. The
following chemicals were employed without further purifica-
tion: copper(u) chloride CuCl, (97%), barium chloride BaCl,
(99.9%), cobalt chloride hexahydrate CoCl,-6H,O (=98.0%),
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tin(n) chloride dihydrate (SnCl,-2H,0) (=99.97%), thiourea
CH,N,S (=98.0%), hydrogen sulphide H,S (=99.5%), lactic acid
C3HgO3 (100%), ethanolamine C,H,NO (=98%), acetic acid
CH;CO,H (=99.7%), ethanol C,HO (=99.8%), dimethyl sulf-
oxide C,HsOS (DMSO) (99.9%), 2-methoxy ethanol C3;HgO,
(99.8%), potassium dichromate K,Cr,O, (99.98%), disodium
ethylenediaminetetraacetate dihydrate EDTA-Na, (>99%), iso-
propanol IPA (>99%), p-benzoquinone p-BQ (>99.5%), 5-tert-
butoxycarbonyl-5-methyl-1-pyrroline-N-oxide BMPO (=99.0%),
5,5-dimethyl-1-pyrroline N-oxide DMPO (=98%), and 2,2,6,6-
tetramethylpiperidine-1-oxy] TEMPO (=98%). All reagents
mentioned above were purchased from Sigma-Aldrich. De-
ionized (DI) water with a resistivity of 18 MQ cm was utilized
in preparing solutions and rinsing the samples. Indium-doped
tin oxide (ITO) conductive glass slides, cut to a size of 2 x 2 cm
(thickness of 2.0 mm, resistivity of 5 Q sq~ ", and transmittance
exceeding 80%), were used as substrates for the deposition of
CBTS: Co thin films.

2.2 Materials synthesis

The CBTS precursor solution was synthesized by dissolving 1 mM
of CuCl,, 0.5 mM of BaCl,, 0.5 mM of tin(u) SnCl,-2H,0, and
2 mM of CH,4N,S in 100 mL of DMSO solvent. Then, the solution
was stirred vigorously for 30 min and aged for 24 hours under
ambient conditions. Meanwhile, a few drops of C;HsO; were
added to the DMSO solvent under agitation at 323 K to enable the
dissolution of barium. To incorporate cobalt into CBTS films,
CoCl,-6H,0 was used as the cobalt precursor at four different
atomic percentages. The undoped and Co-doped CBTS precursor
solutions (2 at%, 4 at%, 6 at%, and 8 at%) were prepared in
a solvent mixture of C;HgO, and DMSO, and then uniformly
magnetically stirred at 333 K for 1 hour to ensure complete
dissolution and homogeneity. Prior to the experiments, ITO glass
substrates were thoroughly cleaned with deionized (DI) water,
followed by ultrasonic cleaning for 20 min. The substrates were
then dried in an oven at 373 K for 60 min. Dip-coating of the
prepared solution was carried out using a dip coater mounted on
an anti-vibration platform. Each substrate was sequentially
immersed in five separate solutions for 5 min each, with a with-
drawal speed of 50 mm min~"' and a dwell time of 20 s. After
coating, the substrates were left to dry overnight in a storage box.
All experimental procedures were conducted within a ventilated
enclosure to ensure safety and prevent contamination. Annealing
was performed at 700 K for 10 min using rapid thermal pro-
cessing (RTP) equipped with infrared (IR) heating lamps, under
a mixed atmosphere of nitrogen and 30% hydrogen sulfide (H,S)
to minimize sulfur loss. The samples were subsequently cooled to
room temperature (~300 K) before characterization. Finally, the
CBTS film thickness was measured using a Bruker Dektak XT
contact profilometer, assuming uniform and dense films, and
was found to be approximately 1.2 pm.

2.3 Apparatus and measurements

X-ray diffraction (XRD) patterns were recorded at room
temperature in Bragg-Brentano geometry using an X-ray
diffractometer instrument (model Philips-Xpert) equipped
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with Cu-K,, radiation (A = 1.54 A). Data were collected over a 26
range of 10° to 70°, with a step size of 0.05". Phase identification
was carried out using HighScore software from PANalytical.*
Confocal Raman spectroscopy was performed using a 632.8 nm
He-Ne laser source (HORIBA Scientific), and the Raman shift
was calibrated by the single crystal Si at 520.4 cm ™. The surface
morphology of the deposited films was examined using a field
emission scanning electron microscope (FESEM, JEOL JSM-
5400). Atomic force microscopy (AFM) images were acquired
in tapping mode using a Bruker dimension icon XR AFM.
Quantitative surface roughness parameters were evaluated with
the Gwyddion software package.** The binding energies of all
constituent elements were determined using an ESCALAB 250
X-ray photoelectron spectrometer (Thermo Fisher Scientific). To
study the optical characteristics, the optical absorption and
diffuse reflection measurements of the films were recorded
using a PerkinElmer lambda 950 spectrophotometer equipped
with an integrating sphere, in the wavelength range of 400-
1200 nm. Electron spin resonance (ESR) measurements were
carried out using a Bruker ELEXSYS E580 FT/CW spectrometer
operating at a microwave frequency of approximately 9.7 GHz.
Magnetic field modulation was applied to enhance signal
detection, and all measurements were conducted at room
temperature.

2.4 Photocatalytic studies

The RhB dye was dissolved in a 100 mL beaker containing DI
water to prepare a concentration of 5 mg L', All the CBTS: Co
films with a surface area of 1 x 1 cm® were immersed in RhB
aqueous solutions in separate 20 mL glass beakers. Subse-
quently, all solutions were magnetically stirred in the dark for
20 min to establish adsorption-desorption equilibrium
between the RhB dye molecules and the photocatalyst surfaces.
The RhB concentration at equilibrium was regarded as the
initial concentration, C,, for subsequent photocatalytic experi-
ments. Photodegradation experiments were carried out under
visible light illumination provided by a 300 W xenon lamp
equipped with a cut-off filter (A = 420 nm). The photocatalytic
reaction was allowed to proceed for 120 min under continuous
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stirring. The beaker containing the reaction mixture was posi-
tioned about 10 cm from the xenon lamp. Radical trapping
experiments were performed using specific scavengers to
identify the active species involved in the photocatalytic
process. (IPA, 2 mL) hydroxyl radicals ("OH), (p-BQ, 0.05 g) for
superoxide radicals (O, "), (K,Cr,O5, 0.05 g) for photoinduced
electrons (e™), and (EDTA-Na,, 0.05 g) for photoinduced holes
(h"). All the above reactions were carried out at room
temperature.

3. Results and discussions
3.1 Structural analysis

Fig. 1a presents the XRD patterns of all CBTS: Co films depos-
ited on ITO conductive glass substrates at varying Co doping
levels from 0 at% to 8 at%. All samples, including the undoped
CBTS film, exhibit well-defined and sharp diffraction peaks that
are consistent with the trigonal crystal structure of the CBTS
phase (JCPDS card no. 030-0124), corresponding to the P3;
space group symmetry with the lattice parameters a = 6.3670 A,
b =6.3670 A, ¢ = 15.8830 A and a unit cell volume V = 566.03
A®2 It can also be observed that an additional minor peak
marked with a red dot is attributed to the underlying ITO glass
substrate (JCPDS card no. 06-0416). The undoped CBTS film
exhibits a strong preferential orientation along the (104) plane
at 26 = 27.7°. Nevertheless, as the Co doping level increases,
this dominant peak shifts towards higher diffraction angles, as
shown in Fig. 1b. This shift is likely attributed to Co substitu-
tion in the lattice, given that the ionic radius of Co*" (0.745 A)*®
is considerably smaller than that of Ba®>" (1.350 A).>* The slight
shift of the main diffraction peak (104) to a higher angle
substantiates the existence of compressive strain within the
lattice due to substitutional Co doping. It is noteworthy that in
the sample doped with 8 at% Co, additional diffraction peaks
corresponding to cobalt sulfide (CosS,) (JCPDS card no. 75-
1561) were observed at 26 values of 26.81°, 31.54°, 38.27°,
50.41°, and 55.24°, which align with the (220), (311), (400),
(511), and (440) planes, respectively.”® Despite a sulfur-rich and
reducing atmosphere, the formation of Co;S, may be attributed
to the combined effects of short annealing duration, moderate
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(@) XRD patterns of undoped and Co-doped CBTS thin films deposited by the dip-coating technique at various Co concentrations. (b)

Magnified view of the (104) diffraction peak highlighting the systematic peak shift induced by Co incorporation.
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sulfur activity, and partial oxidation during the cooling phase.
These peaks indicate the onset of secondary phase formation at
higher doping levels. The emergence of Co;S, suggests the
segregation of Co, thereby reducing the effective incorporation
of Co into the CBTS crystal lattice. Such phase segregation can
lead to increased defect states and charge carrier recombination
centres, ultimately degrading the photocatalytic properties of
the CBTS material. Additionally, the appearance of Cos;S, may
influence grain boundary behavior and hinder uniform crystal
growth, which could negatively impact charge transport across
the CBTS absorber layer. Therefore, careful control of Co doping
concentration is critical to ensure phase purity and to optimize
the electrical and photocatalytic performance of CBTS films.

According to the favored diffraction peak of the (104) plane,
the average crystallite size was assessed using the Debye-
Scherrer equation:**

K
~ Bycos 0

1)

where K is a dimensionless shape factor, with a typical value of
0.94 for spherical crystallites; A is the wavelength of the X-ray
radiation (1.5418 A), while @ (rad) and 6 are full width at
half maximum (FWHM) and Bragg's angle, respectively. The
FWHM of the XRD peaks for all CBTS: Co thin film samples
gradually increases with increasing Co doping level. This
broadening of the diffraction peaks signifies a reduction in
crystallite size, consistent with the Scherrer equation, and also
indicates an increase in microstrain and lattice imperfections.
Fig. 2 displays the variation in the crystallite size of CBTS: Co
films versus the Co doping level. The crystallite size of CBTS: Co
films decreases progressively with increasing Co doping level up
to 6 at%. This reduction in crystallite size is primarily attributed
to the ionic radius mismatch between the substituting Co ions
and the host Ba ions in the CBTS lattice, as mentioned earlier.
These structural disruptions hinder the coalescence and the
growth of crystalline grains, resulting in a decrease in average
crystallite size and an increase in defect density. Nevertheless,
at higher Co doping levels (i.e., 8 at%), the crystallite size
remains approximately constant. This behaviour is likely due to
the onset of secondary phase formation, specifically the
appearance of Co;S, clusters, as indicated by an additional
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Fig. 2 Variation of crystallite size, microstrain and dislocation density
as a function of Co doping levels in CBTS thin films.
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diffraction peak in the XRD patterns. The formation of CosS,
suggests that the CBTS lattice becomes saturated with Co
beyond 6 at%, leading to phase separation. In this scenario,
excess Co atoms no longer integrate into the host lattice but
instead segregate to form a distinct Co-rich phase, which can
locally relax the strain and enable grain coarsening. On the
other hand, the lattice microstrain (¢) and dislocation density
(6) were evaluated based on XRD data, by applying the following
equations:*’

B cos 0
&=

4 (2)
1
6= D 3)

As shown in Fig. 2, both microstrain and dislocation density
slightly increase with Co doping up to 6 at%, reaching
maximum values of approximately 8.86 x 10> and 1.80 x 10~*
lines per nm?, respectively. This increase suggests enhanced
lattice distortion and defect density, which can promote charge
separation and provide more active sites, potentially improving
the CBTS: Co photocatalytic performance.

3.2 Raman analysis

Raman spectroscopy is a prevailing tool for unequivocally
identifying the vibrational modes of CBTS films as a function of
Co doping level. As depicted in Fig. 3, all synthesized samples
exhibit four distinct Raman-active modes under 632.81 nm
laser excitation, with a dominant peak at 340 cm ™', character-
istic of the trigonal CBTS phase.”® The vibrational modes
observed at 192, 249, 340, and 364 cm™ ' correspond to totally
symmetric (A-symmetry) vibrations (see Table S1), mainly
involving displacements of sulfur atoms.?® Nevertheless, as the
Co doping level increases from 0 to 8 at%, the full width at half
maximum (FWHM) of all peaks gradually broadens from
~1 ecm ' to ~2 em ™}, indicating reduced crystallinity and an
elevated defect density. A weak peak emerges near 381 cm ™" in

340 cm™

Intensity (a.u.)

Undoped

— 7T T T ‘* T T tTr T T T T T
100 150 200 250 300 350 400 450 500

Raman shift (cm'1)

Fig.3 Raman spectra of CBTS thin films with varying Co doping levels,
showing the evolution of characteristic vibrational modes.
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the sample doped with 8 at%, which is probably due to the
formation of a secondary CosS, phase.**** The found peak at
381 cm ™' corresponds to the A, vibrational mode, originating
from the symmetric bending vibrations of S-Co-S units.** This
result is in good agreement with the above XRD analysis.
Moreover, a slight redshift of prominent modes suggests lattice
expansion and bond weakening. Overall, both XRD and Raman
analyses confirm that maintaining an optimal doping level is
crucial for preserving the crystallinity and phase purity of CBTS
films. This doping level greatly influences the transport of
photo-generated electrons and holes to the CBTS film surface,
thereby affecting the photocatalytic performance.

3.3 XPS analysis

X-ray photoelectron spectroscopy (XPS) is a non-destructive
technique that provides detailed information about the
elemental composition, chemical states, and electronic struc-
ture of a material.*® By analyzing the binding energy of the core
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electrons, XPS can reveal the oxidation states of Cu, Ba, Co, Sn,
and S elements in both undoped and Co-doped CBTS films.
This is essential for understanding the material's electronic
properties and its potential applications in photocatalytic
activity. Fig. 4(a) presents the XPS survey spectra of both
undoped and Co-doped CBTS (8 at%) films, recorded over the
binding energy range of 0 to 1200 eV. As can be seen by
comparing the XPS survey spectra of undoped and Co-doped
CBTS (8 at%), the presence of the Co element confirms the
successful incorporation of Co into the CBTS lattice. The other
Co-doped CBTS films exhibit XPS profiles similar to that of the
undoped sample, with the notable emergence of additional
peaks corresponding to Co binding energies (not shown). This
XPS behavior could be attributed to the fact that Co doping does
not significantly modify the chemical state or bonding envi-
ronment of the core CBTS elements within the detection limits
of XPS. However, a slight contamination from oxygen and
carbon was detected at 532.2 eV and 284.6 eV, respectively. This
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Fig. 4 XPS spectra of (a) undoped and Co-doped CBTS (8 at%), (b) Cu 2p, (c) Ba 3d, (d) Sn 3d, (e) S 2p, (f) Co 2p.
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can be attributed to surface impurities and the formation of
reactive oxide species upon exposure of the chalcogenide films
to the atmospheric environment.”” To further examine the
chemical states of Cu, Ba, Sn, S, and Co in CBTS films, XPS
analysis was conducted on all samples. All the following XPS
core-level spectra were fitted with a high R-squared value of
0.998, demonstrating the high accuracy of the fit and the reli-
able identification of the chemical states of each element
resulting from doping. Fig. 4(b-f) exhibits the core level spectra

150 200 250
Particle size (nm)

200 250 300
Particle size (nm)

50 100 150
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of Cu 2p, Ba 3d, Sn 3d, S 2p, and Co 2p obtained from the XPS
analysis of the undoped CBTS sample. It can be observed from
Fig. 4b that the Cu 2p spectrum displays fitted peaks at 932.1 eV
(2ps52) and 951.9 eV (2py,), matching a spin-orbit splitting of
19.8 eV, which is assigned to Cu" species.* Notably, no satellite
peaks were detected at higher binding energies, confirming the
absence of Cu”" and indicating that Cu®>* ions were reduced to
Cu' during the synthesis process. The Ba 3d spectrum (Fig. 4c)
exhibits fitted peaks at 779.2 (3d35,) and 794.5 eV (3ds,), with

50 100 150 200 250
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150 200 250 350

Particle size (nm)
500 nm

200 250 300 350
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500 nm

Fig.5 Top-view SEM images of (a) undoped CBTS, (b) 2 at% Co-doped, (c) 4 at% Co-doped, (d) 6 at% Co-doped, and (e) 8 at% Co-doped CBTS

thin films.
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a splitting energy of 15.3 €V, consistent with the Ba>* oxidation
state.>* As shown in Fig. 4d, the fitted peaks at binding energies
of 486.2 eV and 494.8 eV correspond to 3ds, and 3dj;p,,
respectively, with a spin-orbit splitting of 8.6 eV, in agreement
with the Sn** oxidation state.* Fig. 4e shows the S 2p spectrum,
which is deconvoluted into two fitted peaks at 161.35 eV (2ps/»)
and 162.55 eV (2ps;,), with a spin-orbit splitting of 1.20 eV,
confirming that sulfur is present in the S*>~ oxidation state.””
The abovementioned outcomes display that the surface of the
CBTS films contains Cu’, Ba®*, Sn**, and S*>~ ions. However, for
the Co-doped CBTS films, the XPS spectra exhibit additional
peaks corresponding to the Co element. Fig. 4f shows Co 2ps,

(@

(©

(e)
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and Co 2p,, fitted peaks at 781.2 eV and 796.8 eV, respectively,
with a spin-orbit splitting of 15.6 eV, along with two shakeup
satellites at approximately 786.6 eV and 804.2 eV.*” To reveal the
chemical state of Co and its incorporation into the CBTS lattice,
the Co 2p spectra were deconvoluted to resolve overlapping Co
2ps/» and Co 2py, core levels and distinguish between different
Co oxidation states. The Co 2ps,, peak was deconvoluted into
two components at 781.0 eV (Co>" 2p,,,) and 782.6 eV (Co®" 2p;,
»)- Similarly, the Co 2p,,, peak was deconvoluted into two peaks
at 796.6 €V (Co>" 2py.,) and 798.2 €V (Co®" 2py,). These results
confirm the mixed oxidation state in the Co-doped CBTS films
(8 at%), consistent with the previous studies.***® As we know, Co

(b)
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Fig. 6 3D AFM images of (a) undoped CBTS, (b) 2 at% Co-doped, (c) 4 at% Co-doped, (d) 6 at% Co-doped, and (e) 8 at% Co-doped CBTS thin

films.
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exists in two oxidation states, Co®" and Co’", each exhibiting
distinct ionic radii and chemical behaviors. The relative domi-
nance of Co oxidation states significantly affects its incorpora-
tion into the CBTS lattice; however, contrary to expectations
promoting Co** at lower doping levels, our results reveal that
Co®" is the predominant oxidation state in the Co-doped CBTS
films. The actual chemical environment, synthesis conditions
(e.g., sol-gel dip-coating, annealing atmosphere), or thermody-
namic stability of Co** favours the two-oxidation state in our
films. This unexpected distribution of oxidation states signifi-
cantly influences the structural development of the material,
affecting lattice distortion, guiding the nucleation of secondary
phases such as Co;S4, and consequently impacting both the
crystallite size and film morphology. Overall, the binding energy
values for Cu, Ba, Co, Sn, and S obtained in the present work are
in good agreement with those reported in the literature,>
further confirming the successful incorporation of Co into the
CBTS lattice via the dip-coating method.

3.4 SEM and AFM characterization

To scrutinise the effect of Co doping on the microstructure,
grain size, and roughness of CBTS films, SEM and AFM
measurements were carried out on CBTS films. As shown in
Fig. 5, top-view SEM images of all CBTS films displayed mixed
and densely packed spherical particles grown on the ITO
substrate. The average particle size for the undoped sample is
approximately 250 nm. However, as the Co doping level
increases from 0 to 8 at%, the particle size gradually decreases,
reaching values as small as 100 nm. The inset of Fig. 5a-e
displays the particle size statistics for all samples, with average
particle sizes determined using Gwyddion software.”® The
results indicate that the sample with a Co doping level of 6 at%
exhibits the smallest particle size. The reduction in particle size
of CBTS films is of great advantage for photocatalytic applica-
tions, as it increases the surface area and enhances charge
carrier separation by shortening diffusion paths, thereby
promoting more efficient redox reactions at the CBTS catalyst
surface. By comparing the SEM and XRD measurements, it was
found that the average particle sizes of the CBTS samples, as
determined from SEM images, are approximately five times
larger than the crystallite sizes estimated from the Scherrer
equation. This indicates that the particles in the SEM images
were composed of several nanocrystallites. Fig. 6 presents the
3D AFM images of both undoped and Co-doped CBTS films,
recorded at the scale of 1 x 1 um?. As can be shown, the AFM
images reveal significant morphological changes with
increasing Co doping levels, indicating a clear dependence of
surface topography on chemical composition. The undoped
sample displays random grains with quite uniform spherical
shapes spread across the surface, which aligns well with the
SEM findings analysis. In contrast, increasing Co doping levels
led to a progressive deterioration of the surface morphology, as
demonstrated by the formation of less compact and more
irregularly shaped grains, as shown in Fig. 6b-e. This
morphological evolution suggests that higher Co doping levels
result in decreased compaction and increased surface

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Evolution of root mean square roughness and arithmetic mean
roughness versus Co content in CBTS films.

roughness. Fig. 7 illustrates that both the root mean square
roughness (Rq) and the arithmetic mean roughness (R,) grad-
ually increase with rising Co doping levels. The observed
increase in Rq and R, with Co doping indicates that Co incor-
poration alters the surface morphology of CBTS films, resulting
in progressively rougher surfaces. This is likely attributed to
changes in grain growth dynamics, nucleation behavior, and
lattice strain induced by the substitution of Co into the CBTS
lattice. Overall, AFM images revealed that the surface roughness
increases with Co doping up to 6 at%, resulting in an enhanced
specific surface area.

3.5 Optical analysis

The linear optical properties of undoped and Co-doped CBTS
films grown on an ITO substrate have been derived from
transmittance T(A) and reflectance R(1) measurements in the
wavelength range of 400-1200 nm. Fig. 8a and (b) illustrate the
T(2) and R(%) plots of all synthesized samples at various Co
doping levels. The T(1) spectra of the CBTS films decrease
progressively from 80% to 60%, while the corresponding R(2)
spectra increase from 2% to 20%, as the Co doping level rises
from 0 to 8 at%. It is worth noting that the presence of inter-
ference oscillations in both spectra confirms the uniformity and
homogeneity of the synthesized CBTS films via the dip coating
process. On the other hand, the absorption coefficient «(2)
values of the undoped and Co-doped CBTS films were estimated
using the following formula:*

L (0-rr (0 - R rarT) "
o) = <In — (4)

In this relation, d refers to the film thickness. Fig. 9a illustrates
the graph of «(4) as a function of wavelength for undoped and
Co-doped CBTS films. The «(2) values decrease with increasing
Co doping levels. Moreover, the spectra exhibit a gradual blue-
shift in the absorption edge, indicating modifications in band
structure induced by Co incorporation. On the other hand, the
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band gap of CBTS films derived from Tauc analysis.

optical band gap of all samples was evaluated in the strong
absorption region (« > 10* em ™) via Tauc's equation:*!

ahv = B(hv — Eg)°

where E,, B, and p stand for the optical bandgap, the Tauc
parameter, and the exponent factor, respectively. The Tauc
parameter B is associated with the transition probability, while
the exponent p determines the nature of the electronic transi-
tion. The value of p varies depending on the type of transition: p
= 1/2 for direct allowed, p = 2 for indirect allowed, p = 3/2 for
direct forbidden, and p = 3 for indirect forbidden transitions.
This study reveals that optimal fitting occurs at p = 1/2, sug-
gesting allowed direct optical transitions. Fig. 9b shows the plot
of (ahw)? versus hv for the examined Co-doped CBTS films. The
E, value of these samples can be determined from the x-axis
intercept of this graph. We observe a gradual increase in Eg from
1.78 eV to 1.91 eV with increasing doping level. The observed
blueshift in band gap energy can be attributed to quantum
confinement effects arising from reduced crystallite size, as well
as structural modifications and lattice strain induced by Co
incorporation into the CBTS lattice. Similar effects have been
reported in other previous studies.”” Meanwhile, the Urbach
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energy (E,) of the examined Co-doped CBTS films was deter-
mined by the relationship:**

a(v) = apexp (Z—t) (5)

where « is the absorption coefficient, hv is the photon energy, E,
is the optical band gap, E, is the Urbach energy, and o, is
a constant.
Taking the logarithm of the above equation yields the
following expression:
hy

In(e)) = In(eo) + - (6)

The E, was estimated from the inverse slope of the linear
region in the In(«) versus hv plot, as shown in Fig. 10a. The
variation of E, and E, values against Co doping is demonstrated
in Fig. 10b. The values reveal that E, decreases from 0.75 eV to
0.31 eV as the Co content increases from 0 to 8 at%. Addition-
ally, these plots display an inverse relationship between E, and
E,, which is consistent with earlier findings for many other
materials.** The minor reduction in E, reflects a more ordered
atomic arrangement within the CBTS lattice, indicating
enhanced crystallinity following Co ion doping. This leads to

© 2025 The Author(s). Published by the Royal Society of Chemistry
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The colour of the RhB solution altered from a bright opera rose to nearly colourless in the presence of CBTS film.
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(a) Variation of In («) versus photon energy, (b) variation of optical band gap and Urbach energy versus Co doping level.

(b)

(d)

()

(a—e) The temporal evolution of the absorbance spectra of the RhB dye solution in the presence of both undoped and CBTS: Co films. (f)
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decreased localised states and reduced energetic disorder at the
band edges, characteristic of structurally ordered
semiconductors.*

3.6 Photocatalytic RhB removal activity assessment

RhB is classified as a potential carcinogen by the International
Agency for Research on Cancer (IARC) and poses serious envi-
ronmental and health risks. Given its persistence in wastewater,
RhB was selected as a model pollutant in this study. Semi-
conductor photocatalysis offers an energy-efficient, cost-
effective approach for its degradation. The temporal evolution
of the absorbance spectra of the RhB dye solution was moni-
tored under visible light irradiation at 20-min intervals in the
presence of both undoped and CBTS: Co films, as illustrated in
Fig. 11a-e. The photocatalytic degradation of RhB is minimal
with undoped CBTS films. However, a significant drop in the
intensity of the main absorption peak at 554 nm was observed
over time following Co doping, indicating the gradual decom-
position of the RhB dye. Notably, around 91% of the dye was
degraded within 120 min of illumination in the presence of the
CBTS: Co film with 6 at%, demonstrating excellent photo-
catalytic activity. In contrast, only 60% degradation was ach-
ieved with the undoped CBTS film under the same conditions.
Moreover, the colour of the solution visibly altered from a bright
opera rose to nearly colourless, as shown in Fig. 11f, further
confirming the degradation process. Importantly, no significant
shift in the A, of RhB dye was detected during the photore-
action in the absorbance spectrum, indicating that the degra-
dation pathway does not involve molecular structural
transformation or N-deethylation but proceeds mainly through
photocatalytic mineralisation mechanisms. The photocatalytic
degradation rate of RhB dye was evaluated using the following
equation:*®

D.(%) = (1 - Q) x 100 (7)

G

where D, C, and C, (mg L") represent the degraded efficiency
(%), the initial concentration of RhB before the reaction and the
concentration remaining at time ¢, respectively.
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As depicted in Fig. 12a, all samples exhibited a slight
reduction in RhB concentration under dark conditions, sug-
gesting minimal dye adsorption onto the CBTS: Co film
surfaces. This negligible degradation confirms that physical
adsorption alone does not significantly contribute to the
removal of RhB dye. In contrast, upon exposure to visible light
(A > 420 nm), a pronounced increase in the photocatalytic
degradation rate of RhB was observed across all doping
samples, as shown in Fig. 12(b). This enhancement highlights
the crucial role of photoexcited charge carriers generated within
the CBTS: Co films, which drive the degradation of RhB under
light illumination. The results demonstrate that the photo-
catalytic degradation process is light-dependent, with Co
doping playing a significant role in optimizing visible-light
absorption and charge carrier dynamics. The rise in photo-
catalytic degradation with increasing Co doping levels is
attributed to the generation of (e /h") pairs under visible light
irradiation. On the other hand, the CBTS: Co film with 6 at%
doping exhibited the highest photocatalytic activity, reaching
95% RhB degradation after 120 min, which is 61% higher than
that of the undoped one, due to its superior surface roughness,
smallest crystallite size, and relevant band gap. Nevertheless,
excessive doping may lead to the formation of secondary phases
such as CozS,4, which could adversely affect the photocatalytic
rate. Indeed, the existence of the CozS, phase can promote
charge carrier trapping and recombination centres, reducing
carrier lifetime and mobility. What is more, it can serve as an
insulating barrier that enhances resistivity and hinders efficient
carrier movement. Compared with widely studied photo-
catalytic systems such as composites (e.g., WS,@PPy nano-
composites*’), doped photocatalysts (e.g., Cu-doped ZnO,*® Eu/
Fe co-doped Bi,WOq (ref. 49)), heterojunctions (e.g., Sb,MoOg/
g-C3N, (ref. 50)), and perovskite-based photocatalysts (e.g.,
(Nay sBigs) ZrOs (ref. 51)), the Co-doped CMTS thin films
developed in this study offer distinct advantages. These include
high degradation efficiency under visible light, shorter reaction
times, and a simple, low-cost synthesis route that does not
require co-catalysts or sacrificial agents. Notably, under visible-
light irradiation, CMTS: Co significantly outperforms the
perovskite-type photocatalyst (Nay 5Big 5) ZrOs, which achieves

Under visible light illumination
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Fig. 12 Photocatalytic degradation efficiency of RhB dye using Co-doped CBTS films (a) under dark conditions and (b) under visible light

irradiation.
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Table 1 Comparative summary of cobalt-doped CBTS photocatalyst from the present work with other reported studies, highlighting the

synthesis method, reaction time, and photocatalytic performance

Target Degradation Time
Study Synthesis method Photocatalyst pollutant Light source efficiency (%) (min)
47 Chemical oxidative WS,@PPy RhB Visible light 99 90

polymerization nanocomposite
48 Precipitation Cu-doped ZnO RhB uv 100 120
irradiation
49 Hydrothermal method Eu/Fe Co-doped Bi,WOq RhB Visible light 99 6
50 Physical mixing Sb,Mo00Og/g-C3N, RhB UV-visible 94 40
heterojunction light

51 Solid-state (Nag_sBig.5) ZrOz RhB Visible light 68 180
Present study Sol-gel (dip coating) CBTS: Co RhB Visible light 95 120

only 68% degradation after 180 min. In addition, CMTS: Co
consists exclusively of earth-abundant and non-toxic elements
and demonstrates excellent structural and chemical stability
over multiple photocatalytic cycles. A comparative overview of
these studies is presented in Table 1.

Kinetic analysis serves as a fundamental tool for elucidating
the mechanistic pathways involved in photocatalytic degrada-
tion processes. Fig. 13a shows a plot of In(C,/C) vs. irradiation
time for CBTS: Co photocatalysts with different Co doping
levels. C, is the initial concentration of RhB, while C is the
concentration at the time of irradiation (¢). The linearity of all
curves indicates that the photodegradation of RhB follows
a pseudo-first-order kinetics model, consistent with the Lang-
muir-Hinshelwood mechanism, which can be expressed by the
following equation:*®

C
In (F(,)) = kuppt (8)

C, represents the initial concentration of RhB, C; is the
concentration at irradiation time ¢, and K,p, (min™') is the
apparent rate constant.

The experimental data were fitted to the linearized form of
the pseudo-first-order kinetic model, yielding a high correlation
coefficient (R*> = 0.992), which corroborates the suitability of
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Fig. 13
constant with increasing Co content in CBTS films.
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this model in describing the photodegradation process.
Furthermore, the linear correlation observed across all samples
suggests a consistent degradation mechanism mainly driven by
the availability and accessibility of active sites on the surface of
the CBTS: Co photocatalysts. This uniform behavior implies
that the photocatalytic process is surface-reaction limited,
where the rate of RhB degradation is directly influenced by the
number of catalytically active sites participating in the
photogenerated charge transfer and subsequent radical-
mediated reactions. The estimated apparent rate constants
offer valuable insights into the underlying reaction mechanism,
suggesting that the degradation of RhB occurs principally via
a pseudo-first-order pathway, likely managed by the generation
of reactive oxygen species (ROS) facilitated by the Co-doped
CBTS photocatalyst under visible light irradiation. The values
of K,,, were extracted from the slopes of the respective linear
fits, as shown in Fig. 13b. The K, increases progressively with
higher Co doping, confirming that Co incorporation enhances
the photocatalytic activity of the CBTS films under visible light
irradiation. Among all the samples, the CBTS: Co film with 6 at.
Co-doping exhibited the highest K,,,, approximately 3.5 x
107> min~", which is nearly three times greater than that of the
undoped one. This significant enhancement reflects the most
efficient degradation kinetics and confirms the superior
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(a) Pseudo-first-order kinetics: In(Co/Cy) vs. irradiation time for Co-doped CBTS photocatalysts, (b) variation of photodegradation rate
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Fig. 14 Cycling test for the photocatalytic degradation of RhB in the
presence of CBTS: Co (6 at%) catalysts.

photocatalytic performance of the optimally doped catalyst.
This enhancement is likely attributed to enhanced charge
carrier separation, increased surface-active sites, and improved
visible-light absorption.

To assess the stability and recyclability of the CBTS: Co (6
at%) sample, a recycling test was carried out over five consec-
utive degradation cycles of RhB under visible light irradiation,
as shown in Fig. 14. Between each cycle, the catalyst surface was
carefully cleaned by rinsing with DI water to remove residual
RhB dye and ensure reproducibility. Remarkably, only a slight
decrease in photocatalytic rate was observed after five cycles,
indicating that the CBTS: Co (6 at%) photocatalyst exhibits
excellent stability. Nevertheless, the observed slight decrease in
photocatalytic activity over five successive cycles might be
attributed to surface contamination by reaction intermediates,
partial catalyst loss during recovery, and potential degradation
of active sites or structural integrity under increased light irra-
diation. To identify the types of ROS involved in the photo-
catalytic process of Co-doped CBTS (6 at%) thin films, EPR
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spectroscopy measurements were performed. As we all know,
the photodegradation of organic pollutants is commonly
attributed to photocatalytic processes facilitated by various
ROS, including "O,~, "OH, e, and holes h', which synergisti-
cally contribute to the oxidative decomposition of organic
contaminants.* Moreover, previous studies have demonstrated
that the generation of ROS in chalcogenide-based materials
starts upon visible light irradiation.*® In this study, BMPO was
used as a spin-trapping agent to detect the generation of ‘O,
during the photocatalytic degradation processes. Under dark
conditions, no signal was observed. Nevertheless, after 2 min of
visible light irradiation, a characteristic quartet paramagnetic
resonance signal with an intensity ratio of 1:2:2:1 appeared,
confirming the formation of 'O, during the photocatalytic
reaction in the presence of CBTS: Co (6 at%) catalysts, as shown
in Fig. 15a. After 6 min of light irradiation, the BMPO-"O,"
adduct signal increased, suggesting increased generation of
‘O,~ over time. Similarly, DMPO-'OH adducts were detected,
suggesting that "OH radicals were generated during the pho-
tocatalytic process. The enhanced radical formation in the RhB
dye can be attributed to improved charge transfer dynamics,
facilitated by the CBTS: Co (6 at%) catalysts. This composition
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Fig. 16 Degradation rate of RhB dye in the presence of various
scavengers under visible light.
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Fig. 15 EPR spectra of CBTS: Co (6 at%) catalysts for detecting (a) BMPO-"O,~ and (b) TEMPO-e™ under dark conditions and visible light

irradiation.
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Fig. 17 Schematic illustration of the proposed reaction mechanism for RhB degradation over CBTS: Co (6 at%) catalysts under visible light

irradiation.

promotes efficient separation of photogenerated e /h" pairs,
thereby increasing the availability of charge carriers for radical
generation. On the other hand, photoinduced e~ are also
recognized as typical active species in photocatalytic processes,
with TEMPO commonly employed as a trapping agent in EPR
measurements to detect their presence. Under dark conditions,
no signal was observed. Nevertheless, after 2 min of visible light
irradiation, a stable triplet paramagnetic resonance peak with
a1:1:1 intensity ratio was observed, confirming the formation
of e~ during the photocatalytic reaction, as shown in Fig. 15b.
Upon 6 min of irradiation, the TEMPO-e ™~ adduct intensity was
weakened, indicating the decline in the catalyst's ability to
generate or transfer electrons under the given conditions over
time. The signal intensity trend for photoinduced h* showed
a similar pattern, attributed to the simultaneous formation of
e /h" pairs. This outcome suggests that both "OH and 'O,
radicals play crucial roles in the degradation of RhB dye, with
the process mainly driven by the formation of ‘O, and ‘OH
radicals. To further corroborate this inference, quenching
experiments were also performed to identify the specific radi-
cals involved in the photocatalytic degradation of RhB in the
studied system. Four different quenching trapping agents were
used: K,Cr,0; (scavenger for e~), EDTA-Na, (scavenger for h"),
IPA (scavenger for ‘OH), and p-BQ (scavenger for ‘O, ). These
quenching agents were employed to evaluate the relative
contribution of each ROS to the degradation of RhB dye. When
IPA or p-BQ was added to the reaction system, the degradation
performance of RhB on CBTS: Co (6 at) catalyst was consider-
ably reduced to 10.2%, while the degradation was slightly
decreased when K,Cr,O, was added. This indicates that "O,~
and "OH play a major role in the degradation of RhB dye, while
e~ and h" have little effect, as shown in Fig. 16. This outcome
aligns well with the previously discussed EPR analysis. More-
over, the quenching experiments prove that all four species
contribute to the photocatalytic degradation process of RhB
dye, with their involvement following the order: ‘O, > ‘'OH>e"
> h",

Based on the previous results, the plausible mechanism for
the degradation of RhB dye facilitated by CBTS: Co (6 at%)
photocatalysts is illustrated in Fig. 17. Upon light irradiation,

© 2025 The Author(s). Published by the Royal Society of Chemistry

CBTS: Co (6 at%) absorbs photons with sufficient energy,
resulting in the generation of (e7/h") pairs. These charge
carriers migrate to the surface of the CBTS: Co (6 at%) catalyst,
where the photogenerated electrons reduce adsorbed oxygen
(O,) molecules to form 'O, , while the holes oxidize surface-
bound water molecules to generate ‘OH. Both ‘O,  and ‘OH
are reactive species that easily participate in the oxidative
degradation of RhB organic dyes, ultimately leading to their
mineralization. The overall photocatalytic degradation process
facilitated by CBTS: Co (6 at%) photocatalysts can thus be
described by the following sequential steps:
Photon absorption:

CBTS: Co+ hv > e +h* 9)

Superoxide radical formation

e +0, — 0y (10)
Hydroxyl radical generation:

h* + H,0 — "OH (11)
Dye degradation:
RhB + 'O, /'OH — degraded products — CO, + H,O (12)

4. Conclusion

This study demonstrates the successful incorporation of Co into
CBTS thin films, resulting in notable enhancements in their
photocatalytic activity for the degradation of RhB as an organic
pollutant under visible light irradiation. Substitution of Co at
the Ba®" site was confirmed by XRD, Raman, and XPS analyses.
The morphology of CBTS thin films reveals a reduction in
particle size, which is advantageous for photocatalytic applica-
tions owing to the associated increase in surface area. The
optical transmittance and band gap energy of CBTS thin films
systematically vary with increasing Co doping level, showing
reduced transmittance, enhanced reflectivity, and a broadened
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band gap at higher doping levels, consistent with structural
modifications and lattice strain induced by Co incorporation.
Among all compositions, CBTS: Co (6 at%) exhibited the highest
photocatalytic efficiency, achieving 95% RhB degradation
within 120 min. These enhancements are attributed to syner-
gistic effects of microstructural refinement, band structure
tuning, and improved charge separation. Furthermore,
quenching experiments and ESR analyses identified that all
four species contribute to the photocatalytic degradation
process of RhB dye, with their involvement following the order:
‘0, > 'OH > e~ > h". Overall, Co-doped CBTS presents itself as
a promising, earth-abundant material for sustainable photo-
catalytic applications.
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