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Enhanced visible-light photocatalytic degradation
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Water contamination by hazardous organic dyes raises major health and environmental issues,
necessitating the development of effective and long-lasting treatment technologies. In this study, the
Bi,S3/CdS (BS/CdS) heterostructure supported on mesoporous MCM-41 was fabricated via a facile and
cost-effective hydrothermal method. The combination of CdS and Bi,Ss effectively tunes the band gap
to the desired value, enabling the solar-driven photocatalysis. Moreover, the incorporation of MCM-41
with the Bi,S3/CdS composite enhances the surface area, structural stability, and charge carrier
separation of the photocatalyst. Several electrochemical tests, including chronoamperometry (/-t),

electrochemical impedance spectroscopy (EIS), linear sweep voltammetry (LSV), and Mott—Schottky
Received 10th February 2026 . - . . . .
Accepted 26th March 2026 analysis, were utilized to further validate the high capacity for charge transfer and the reduction of
electron—hole recombination. Under visible light irradiation, the photodegradation of rhodamine B (RhB)

DOI: 10.1038/d6ra01176d dye was employed to assess the photocatalytic activity of the prepared samples. Among all samples, 10
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1. Introduction

Water scarcity and contamination pose significant global chal-
lenges for humanity.* Organic dyes discharged into water
effluents from industries such as paper, plastics, textiles,
cosmetics, pharmaceuticals, leather, and others are one of the
main pollutants that have considerably contributed to water
contamination.>* Globally, around 7 x 10” tonnes of synthetic
dyes are produced each year for the textile industry, with nearly
10% released into the environment as effluents during dyeing
and processing.” The dye waste materials contain hazardous
and cancer-causing substances that could seriously endanger
human health. Even at very low concentrations (less than 1
ppm), these dyes are very detrimental to aquatic environments.®
Moreover, dyes are engineered to be highly resistant to deteri-
oration. This inherent stability means they are not biodegrad-
able and can persist in the environment as toxic and
carcinogenic compounds.” Therefore, the removal of organic
dyes from wastewater is crucial. Various approaches have been
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MCM@BS/CdS exhibited the highest visible light degradation performance of 99.3%.

applied for the dyes' removal from water, such as biodegrada-
tion,® coagulation,’ adsorption,’® membrane filtration,"* and
advanced oxidation processes (AOPs)."> However, these
methods are expensive, produce harmful byproducts and
hazardous chemicals, and fail to address the wastewater issue.
To avoid the drawbacks of these methods, photocatalytic
degradation is considered a promising strategy for the removal
of organic pollutants from wastewater.***

In recent years, advanced oxidation processes (AOPs) have
been utilized as chemical treatment techniques, including
photocatalysis. In the meantime, one of the most popular
methods for producing reactive oxygen species (ROS), which
can get rid of macromolecular organic pollutants, is photo-
assisted AOPs.** Photocatalysis has emerged as a highly prom-
ising technology, offering a simple approach to harness energy
from both natural sunlight and artificial indoor lighting.*
Semiconductor-based catalysts increase the usefulness of pho-
tocatalysis for various important chemical processes, such as
the photodegradation of organic pollutants and water splitting
for hydrogen generation.” In the photodegradation of organic
pollutants, these materials can harness solar energy to break
down contaminants effectively, without generating secondary
pollution.’ Upon light absorption, they generate electrons (e™)
and holes (h"), which drive the degradation of organic pollut-
ants into harmless end products such as carbon dioxide and
water. Moreover, photo-induced charge carriers facilitate the
formation of highly reactive oxygen species (ROS), including

© 2026 The Author(s). Published by the Royal Society of Chemistry
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superoxide (O, ) and hydroxyl ("OH) radicals.”” These ROS are
the main species in the oxidation and degradation reactions of
organic pollutants.” There are many semiconductor photo-
catalysts used in this approach due to their outstanding pho-
tocatalytic activity. Among these materials, metal chalcogenides
are the most efficient catalysts due to the quick transfer of
photo-generated charge carriers to the catalyst surface to
oxidize the organic dyes.” Metal chalcogenide semiconductor-
photocatalysts such as cadmium sulfide (CdS), bismuth
sulfide (Bi,S;), zinc sulfide (ZnS), copper sulfide (CuS), and
molybdenum sulfide (MoS,) have recently garnered a lot of
attention for their effective photocatalytic activity toward the
water splitting, CO, reduction, and organic pollutants degra-
dation.? Driven by the higher valence band (VB) states of their
sp’ orbitals, these materials exhibit elevated conduction band
(CB) levels, which enables a more effective solar response
compared to traditional metal oxide semiconductors.

Bismuth sulfide (Bi,S3;) is a notable metal chalcogenide
characterized by its extensive light absorption capabilities.**
This material possesses great potential for photoelectro-
chemical (PEC) and photocatalytic applications owing to its
narrow bandgap (~1.3 eV), high dielectric permittivity, layered
structure, and highly tunable energy levels.”> Additionally, the
tubular topology and distinctive morphology of Bi,S; nano-
structures can extremely enhance their physical properties and
charge capacity.”® However, the widespread application of Bi,S;
in photocatalysis is limited by its narrow bandgap, which leads
to rapid electron-hole recombination.*® Hence, Bi,S; nano-
particles can be engineered through heterojunction formation,
addressing these activity limitations. The heterojunction of
a carefully chosen semiconductor with the Bi,S; structure can
possess suitable energy levels promoting efficient charge
transfer, resulting in enhanced photocatalytic activity.

Among highly effective solar-driven photocatalysts,
cadmium sulfide (CdS) stands out owing to its advantageous
properties.”® Its narrow bandgap of approximately 2.42 eV
allows for efficient absorption of visible light, while its signifi-
cantly negative conduction band potential provides strong
reducing power.”® Together, these features result in its excep-
tional photo-excitation capabilities and remarkable overall
catalytic performance.”” Despite its promise, the practical
application of CdS is hindered by significant limitations. Chief
among these is the strong tendency of CdS nanoparticles to
aggregate into larger clusters. This agglomeration is detri-
mental for two key reasons: it drastically reduces the available
specific surface area, thereby decreasing the number of active
catalytic sites. Also, it simultaneously accelerates the photog-
enerated e /h* pairs recombination.?® In addition, in an
aqueous solution, CdS itself is exposed to photocorrosion as it is
oxidized by photo-generated holes within the photo-catalytic
reaction.*

CdS can be incorporated with other semiconductors to boost
the separation of photogenerated h*/e”, and this is considered
one of the best methods for solving CdS problems.* The stra-
tegic alignment of the energy bands in a Bi,S;/CdS composite,
where the conduction and valence bands of CdS are more
negative and positive than those of Bi,S;, has been shown in

© 2026 The Author(s). Published by the Royal Society of Chemistry
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previous reports to boost light-harvesting capabilities while
significantly improving charge separation and photosensitivity.
For instance, studies have successfully synthesized composites
that exhibit improved photocatalytic or photochemical proper-
ties, such as Bi,S;@CdS@RGO,>* MoS,/CdS/Bi,S;,* CdS/Bi,S;-
vS,* and CdS/Bi,S;/BiOI0;.** Conventional photocatalysts face
several challenges, including limited stability, low efficiency in
visible light utilization, and insufficient capability to remove
persistent organic pollutants. A variety of support materials,
including activated carbon,** silica,* zeolites,** and alumina
clays,*” have been utilized to immobilize photocatalysts.

Among mesoporous silica materials, MCM-41 is particularly
notable for its wide use and outstanding structural features,
such as high surface area, uniform pore size distribution, ease
of independent surface functionalization (both internal and
external), a gating mechanism for pore opening, and tunable
pore architecture.®®* These characteristics facilitate effective
mass transfer, the availability of active sites, and the possibility
for accurate regulation of catalytic selectivity. The Bi,S;/CdS
photocatalytic activity can be markedly affected upon incorpo-
ration into MCM-41 support, which possesses numerous active
sites and a high surface area for reactions. The acidic charac-
teristics of MCM-41 also enhance the dye adsorption near the
active sites, promoting photocatalytic degradation. Addition-
ally, the uniformly arranged channels of MCM-41plays a key
role in controlling Bi,S;/CdS particle size, avoiding its agglom-
eration. Meanwhile, MCM-41 can improve the interfacial charge
transfer from the Bi,S;/CdS to the substrate, reducing electron—
hole recombination.

In this study, the Bi,S;/CdS photocatalyst was incorporated
into MCM-41 as a support at different loadings. To evaluate the
photocatalytic activity of different photocatalysts, rhodamine B
dye was employed as a model pollutant, and its degradation
mechanism was further explored through quenching experi-
ments. To assess the effectiveness of photodegradation perfor-
mance, multiple factors were investigated, including the
amount of the MCM support, the pH of the dye solution, and
the concentration of organic pollutants. The novelty of this
study comes from the controlled incorporation of Bi,S;/CdS
into mesoporous MCM-41, where the mesoporous MCM-41
support not only enhances light absorption and charge sepa-
ration but also improves stability and reusability. Moreover, the
synergistic assessment of photoelectrochemical and photo-
catalytic properties offers deeper insight into the intrinsic
performance of the composite. Accordingly, the as-prepared
catalyst exhibited outstanding visible-light-driven photo-
catalytic activity, achieving 99.3% RhB degradation within
60 min and following pseudo-first-order kinetics with excellent
stability over multiple cycles.

2. Experimental

2.1. Materials and reagents

Ammonium hydroxide solution (33%), tetraethyl orthosilicate
(TEOS), bismuth nitrate (Bi(NOs);-5H,0), anhydrous cadmium
chloride (CdCl,), thiourea (H,NCSNH,), ethylene glycol
(HOCH,CH,OH), cetyl trimethyl ammonium bromide (CTAB),
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and rhodamine B were ultra-pure. All necessary reagents were
purchased from Sigma-Aldrich and used directly as supplied
without any purification.

2.2. Preparation of photocatalysts

2.2.1. Preparation of mesoporous MCM-41. The pure silica
MCM-41 synthesis was conducted following the foundational
procedure originally reported by Beck.** 2.0 g CTAB is added to
100 mL of H,O under stirring till a clear solution appears, fol-
lowed by the addition of 12.5 mL of 33 wt% ammonia solution
in water. An ammonia solution produces a strongly basic
medium, typically with a pH ranging from 13.0 to 14.0. After
vigorous stirring for approximately 30 minutes, 10.0 mL of
TEOS is added to the clear solution, forming a thick white
mixture that typically requires manual stirring to achieve
uniform gel homogeneity. The product was filtered, washed
with distilled water to ensure the removal of excess CTAB and
ammonia, and dried in air at 120 °C, giving a fluffy and white
powder. The mole composition of the gel mixture was CTAB:
TEOS : ammonia : H,O = 0.22:1.04 : 1.39 : 44.4, respectively.

A high surface area mesoporous material is obtained by
removing the surfactant template through high-temperature
calcination, leaving behind a silica framework with hexago-
nally ordered pores. The samples were placed in a ceramic
vessel and heated in a muffle furnace at 550 °C, with a ramp rate
of 5 °C min~" for 6 hours. This temperature can eliminate the
organic template while preserving the structural integrity of the
mesoporous silica. The resulting material, referred to as MCM-
41, is stored in a desiccator to prevent water adsorption on its
surface.

2.2.2. Preparation of Bi,S;/CdS (BS/CdS) heterostructure.
The heterostructure BS/CdS was synthesized via the hydro-
thermal method.** The precursor ratios were selected based on
prior optimization experiments evaluating heterostructure
formation and performance. In the preparation of BS/CdS,
2.96 mmol of thiourea, 0.24 mmol of anhydrous CdCl,, and
1.8 mmol of Bi(NO;);-5H,0 were incorporated into 45 mL of
ethylene glycol, followed by sonication for a duration of 10
minutes. Then, the solution was stirred for 60 minutes at room
temperature and transferred into a 50 mL Teflon-lined
stainless-steel autoclave. The mixture was then sealed and
maintained at 180 °C for 4 h. The resulting black solid was
centrifuged, repeatedly washed with ethanol and distilled water,
and dried at 100 °C for 3 h.

2.2.3. Preparation of MCM@BIi,S;/CdS heterostructure.
The as-prepared mesoporous MCM-41 was impregnated with
a solution of thiourea, anhydrous CdCl,, Bi(NO3);-5H,0, and
45 mL of ethylene glycol. The mixture was then sonicated for 10
minutes and stirred for 60 minutes at room temperature.
Finally, it was transferred into a 50 mL Teflon-lined stainless-
steel autoclave and subjected to hydrothermal treatment at
180 °C for 4 h. The final black solid product was centrifuged,
washed with ethanol and distilled water several times, and
dried at 100 °C for 3 h. Four samples of MCM@BS/CdS
heterostructure were prepared with different ratios of MCM
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(5,7, 10, and 15%) and labelled as 5SMCM®@BS/CdS, 7MCM@BS/
CdsS, 10MCM@BS/CdS, and 15MCM®@BS/CdS.

2.3. Materials characterization

Several analytical techniques were used to characterize the as-
synthesized samples. X-ray diffraction patterns (XRD) at 26
between 4 and 70° were used to further analyse the samples
using a Bruker apparatus. The morphology of the as-
synthesized materials was verified using scanning electron
microscopy (SEM, JEOL JSM 6510 lv), transmission electron
microscopy (TEM, Joel JEM-2100), and X-ray spectroscopy (EDS).
The band gap of as-synthesized heterostructure materials was
obtained from the absorbance and wavelength values using UV-
vis diffuse reflectance spectroscopy (ATIUNICAM-UV/VISIBLE
VISION SOFTWARE V3.20). X-ray photoelectron spectroscopy
(XPS) was carried out using a PREVAC EA15 system equipped
with a 180° hemispherical electrostatic analyzer (HSA) and
a monochromatic Al Ko X-ray source (1486.6 eV) operating at 12
kv and 25 mA. The concentrations of the organic dye rhoda-
mine B during photocatalytic degradation were measured using
a PerkinElmer Lambda 2 UV/vis spectrophotometer (Unicom
5625, USA). Electrochemical measurements were conducted
using a Corrtest potentiostat and a SciSun-300 solar simulator
(Class AAA, 300 W, 50 x 50 mm) as a solar light source.

2.4. Electrochemical measurements

A conventional three-electrode cell used for all
photoelectrochemical measurements, which were conducted at
ambient temperature. The electrochemical cell, controlled by
a Corrtest potentiostat, consisted of a platinum (Pt) wire
counter electrode, an Ag/AgCl reference electrode, and
a sample-coated indium tin oxide (ITO) glass as the working
electrode. The conducted potentials were converted to the RHE

scale in accordance with the Nernst equation as follows:

was

E(RHE) = E(Ag/AgCl) + E°(Ag/AgC)(0.197 V)
+0.059 x pH (1)

In a 1 mL tube, the as-prepared catalyst was sonicated in
a solution containing 450 pL of absolute ethanol and 20 uL of
5 wt% Nafion, preparing the photocatalyst ink. Subsequently,
an active area (1 cm x 1 cm) of a pre-cleaned indium tin oxide
(ITO) substrate was drop-cast with 10 pL of the resulting
suspension and allowed to dry completely under ambient
conditions. To determine the background capacitive current of
the synthesized materials, the photocurrent density (J-V curves)
and linear sweep voltammetry (LSV) were measured. A SciSun-
300 solar simulator equipped with an AM1.5G filter was cali-
brated to an output intensity of 100 mW cm > and used as
a solar light source. All electrochemical measurements were
performed in 1 M Na,SO, electrolyte under both dark and light-
irradiated conditions. For the cyclic voltammetry (CV)
measurement, the potential was scanned within a window of
—0.6 to 0.6 V at a rate of 200 mV s~ '. For EIS analysis, the 0.1 M
KOH electrolyte was first deoxygenated by purging with nitrogen
(N,) gas for 15 minutes. The measurements were then

© 2026 The Author(s). Published by the Royal Society of Chemistry
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conducted at 298 K in a 100 mL cell containing 50 mL of this
solution, with the frequency swept from 10° to 0.1 Hz.

2.5. Photocatalytic reaction

The photocatalytic degradation was employed by taking 50 mL
of RhB solution (10 mg L") with 50 mg of catalyst. The solution
was exposed to a xenon light source with 300 W Xe light. The
suspension was stirred magnetically to ensure that all catalyst
active sites were in contact with the dye solution and adequately
exposed to light. The suspensions were filtered by centrifuga-
tion to remove the suspended particles of the catalyst. Then,
RhB concentration (C;) was determined by UV-vis spectroscopy
at A = 554 nm. The percentage degradation of dyes was calcu-
lated by the following equation:

CO - Cz

Degradation (%) = C
0

x 100 2
where C, is the concentration of dye at any time, and C, is the
initial concentration of the dye (mg L™%).

3. Result and discussion

3.1. Materials characterization

The XRD of all prepared materials was further investigated to
determine the average crystalline properties of as-prepared
samples as shown in Fig. 1a. For BS/CdS heterostructure, the
orthorhombic phase of Bi,S; has five peaks with 26 values of
24.9, 28.6, 31.8, 46.7, and 52.6° corresponded with the crystal
planes of (130), (211), (221), (431), and (351).** No obvious
diffraction peak for CdS can be observed in the BS/CdS
heterostructure because of the low content of CdS below the
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XRD detection limit, or CdS may be highly dispersed in BS/CdS;
weak peaks are attributed to CdS hexagonal phase at 43.7 and
51.8°. The weak diffraction peak of CdS can be attributed to the
limited amount of CdS in the heterostructure.*® The crystal size
of the BS/CdS heterostructure is 13.6 nm. For the BS/CdS
heterostructure doped with MCM-41, diffraction peaks of
MCM-41 cannot be observed as they appear only on low-angle X-
ray diffraction patterns at 26 values of 2.3, 4.0, and 4.8°.**
UV-DRS analysis was used to determine the bandgap ener-
gies of the as-synthesized nanomaterials. From the graph
between the absorption coefficient vs. photon energy, the band
gap value and its type can be determined. The band gap energy
(Ey) of nanomaterials was determined by Tauc's equation.*

ahv = A(hy — Eg)g (3)

where « is the absorption coefficient (a function of light
frequency), v is the incident light frequency, % is Planck's
constant, and A is an energy-independent parameter. For indi-
rect transitions of BS/CdS and 5SMCM@BS/CdS, the value for n is
determined to be 4. Therefore, E, can be determined by plotting
hv vs. («hv)’. The E, values for BS/CdS and 10MCM@BS/CdS
were determined to be 1.81 and 1.72 eV (Fig. 1b). The integra-
tion of Bi,S; with CdS results in intermediate band gaps around
1.87-2.0 eV, which are well-suited for visible-light activity.>* The
5MCM@BS/CdS exhibited a greater optical response in the
visible region than BS/CdS due to its band gap energy (1.72 eV).
Thus, increased absorption in the visible region improves the
photocatalytic ~activity of 5MCM@BS/CdS towards dye
degradation.

The surface morphology of the prepared heterostructure was
determined by the TEM and SEM images, which were displayed

(a) BS/CdS (b)
10MCM@BS/CdS
—
- o
L >
> = i
. E,=1.81eV
= sMmcM@Bsicas | S 2o B
S 5MCM@BS/CdS
-
£
BS/CdS
VE=172eV
10 20 30 40 50 60 70 1 2 3 4

2-Theta (degree)

Fig. 1
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hv (eV)

(a) XRD patterns of BS/CdS, 5SMCM@BS/CdS, and 10MCM@BS/CdS, and (b) band gaps of BS/CdS and 5SMCM@BS/CdS.
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Fig. 2 TEM morphology of (a) BS/CdS, (b) 5SMCM@BS/CdS, (c) 10MCM@BS/Cd with low-magnification, and (d) 10MCM@BS/Cd with high-
magnification, (e) HR-TEM and (f) SAED patterns of 1I0MCM@BS/Cd, SEM morphology of (g) BS/CdS, (h) 5SMCM@BS/CdS and (i) L0MCM@BS/CdS.

in Fig. 2. The morphology of BS/CdS heterostructure particles is
revealed by transmission electron microscopy (TEM) as shown
in Fig. 2a. It was observed that Bi,S; has a nanorod-like shape
and on its surface, small spots refer to CdS where the size of
Bi,S; is from 23 to 37 nm and that of CdS is from 4 to 7 nm.*®
TEM image reveals the morphological structure and uniform
dispersion of the obtained BS/CdS heterostructure doped with
MCM-41 samples. Fig. 2b-d show TEM images of 5SMCM@BS/
CdS and 10MCM@BS/CdS calcined at 550 °C, which exhibit
an ordered hexagonal array of mesoporous structures.”” The
5MCM@®@BS/CdS composite exhibits a more open and branched
morphology, where the Bi,S;/CdS nanorods are partially sepa-
rated and more uniformly distributed (Fig. 2b). As shown in the
low-magnification TEM image (Fig. 2c), a more pronounced
morphological transformation was observed with further
increasing the MCM-41 content to 10 wt%. In this sample, the
BS/CdS nanorods become shorter and less densely packed,
indicating their incorporation within the MCM-41 matrix.
Moreover, the high-magnification TEM image of 10MCM@®@BS/
CdS (Fig. 2d) exhibits finely dispersed nanoparticles with
a small size of 5-16 nm, indicating that MCM-41 effectively
restricts crystal growth and enhances structural homogeneity.
Moreover, the high-resolution TEM (HR-TEM) analysis was

17716 | RSC Adv, 2026, 16, 17771217723

performed to demonstrate the interfacial features of
10MCM@BS/CdS composite and verify the heterojunction
formation between its components. As shown in Fig. 2e, the HR-
TEM image of the composite consists of two different d-spacing
values of 0.33 and 0.56 nm, corresponding to the (020) plane of
orthorhombic Bi,S; and the (002) plane of hexagonal CdS,
respectively. These results confirmed the coexistence of both
crystalline phases and thus the successful construction of
a heterojunction.”® Moreover, the corresponding SAED image
presented six concentric diffraction rings attributed to the (020),
(210), (130), (211), (221) and (131) planes of Bi,S; and the (002)
and (101) planes of CdS, which are matched with its corre-
sponding XRD results.

Meanwhile, the SEM image of the BS/CdS heterostructure
photocatalyst exhibits densely packed flower-like microstruc-
tures composed of intergrown nanorods and platelets. These
structures likely originate from the anisotropic growth of Bi,S;3
nanorods, around which CdS particles nucleate and grow,
forming a hierarchical architecture (Fig. 2g). The morphological
structure of BS/CdS heterostructure doped with MCM-41, visu-
alized by SEM, is represented in Fig. 2h and i. For SMCM@®@BS/
CdS, the content of MCM-41 was less than the content of the
heterostructure; thus, the MCM-41 particles were dispersed on

© 2026 The Author(s). Published by the Royal Society of Chemistry
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the surface of the heterostructure base. As the content of MCM-
41 increases in 10MCM@BS/CdS, the aggregation decreases,
and the shape converts into nanorods. It isn't observed sharp
aggregation and agglomeration for Bi,S; nanorods, the
10MCM@BS/CdS composite gives more possible adsorption
sites and makes the transition of electrons more rapid.
Furthermore, the EDX-mapping analysis was employed to
examine the elemental composition of the 10MCM@BS/CdS
and to confirm the absence of any impurities (Fig. 3a-h). The
presence of O, Si, S, Bi, and Cd elements in the ternary sample
composition confirms the successful development of a ternary
heterostructure, which indicates that the BS/CdS was decorated
on the MCM.

The functional groups and chemical bonds on the surface of
10MCM@BS/CdS were identified through XPS analysis. Fig. 4a
and b present the overall XPS survey and the atomic percentages
of each component. Within the complete XPS spectrum, five
distinct peaks are identified at 535.2, 407.7, 164.08, 160.8, and
106.08 eV, corresponding to O 1s, Cd 3d, S 2p, Bi 4f, and Si 2p,
respectively. The atomic percentages determined for O 1s, Si 2p,
Bi 4f, S 2p, and Cd 3d were 61.66, 24.8, 10.7, 2.18 and 0.61%,

7.65M|
6.80M|
5.95M|
5.10M|
4.25M|
3.40M|
2.55M|

170M|
S}

Cd Si
0.00Mt =
00 13

0.85M|

Fig. 3
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respectively. In the high-resolution spectrum of O 1s (Fig. 4c),
two Gaussian peaks centred at binding energies of 533.1 and
530.7 eV were observed. These peaks are linked to O in the BiO/
CdO (oxygen single bond to the bismuth and cadmium) and SiO
(oxygen single bond to silicon). The Si-O bond originating from
the silica framework in MCM confirms the structural presence
of mesoporous silica within the complex.*” The presence of Si-
O, Bi-0, and Cd-O bonds validates the successful incorporation
of Bi,S; and CdS into the MCM-41 matrix. Fig. 4d illustrates that
the primary peak at around 104.1 eV is associated with Si** in
SiO, with a minor SiO,, peak (at 103.2 eV), thereby validating the
existence of fully oxidized silicon atoms within the silica
framework of MCM-41.>° Furthermore, the Bi 4f spectrum
(Fig. 4e) reveals two Gaussian peaks located at 164.5 and
163.1 eV, which are attributed to Bi 4f5,,. While the two peaks at
159.1 and 157.7 eV belong to Bi 4f;,. These peaks correspond to
the spin-orbit splitting of Bi 4fs5/, and Bi 4f;,, photoelectrons,
confirming the trivalent oxidation state of bismuth (Bi*")
present in the Bi,S; structure.> The small peaks centred at the
region of 160.8-162.0 eV are ascribed to the S 2p present in both
Bi,S; and CdS components.®* Fig. 4f shows the Cd 3d spectrum,

Weight % m
OK

31.26 68.89
SiK 12.67 15.90
SK 5.92 6.51
BiM 48.52 8.19
CdL 1.63 0.51
Cd Bi B

Cd Cd Bi Bi Bi

104 117 130

(@) SEM of 10MCM@BS/CdS, EDX mapping of (b) all elements, (c) O, (d) Si, (e) S, (f) Bi, and (g) Cd, and (h) EDX pattern.
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with binding energies of 411.7 eV for Cd 3d;,, and 405.05 eV for
Cd 3ds),. The distinct peaks at these positions have been shown
to correspond to CdS.** The XPS analysis confirms that the
composition and oxidation states of the components in
10MCM@BS/CdS are consistent with the expected results.

3.2. Electrochemical study

A series of photoelectrochemical experiments was conducted to
elucidate the charge carrier transport dynamics within the as-
prepared photocatalysts. As depicted in Fig. 5a and b, the I-V
curves under both dark and visible light were compared to
evaluate the photoresponse of materials. Under both dark and
illumination conditions, the I-V plots of all samples exhibit
a positive correlation between current density and applied
potential. At a bias of 0 V, the BS/CdS material exhibited
a current density of 1 mA cm™ > under dark conditions. It was
observed that the photocurrent density increased dramatically
for all samples after light irradiation. Under the same applied
bias, the recorded current densities were 0.77, 1.1, 1.3, 3.0, and
2.1 mA cm™? for the BS/CdS, 5SMCM@BS/CdS, 7MCM@BS/CdS,
10MCM@BS/CdS, and 15MCM@BS/CdS, respectively. Accord-
ingly, the 10MCM®@BS/CdS composite exhibits the highest
photoelectrochemical activity because MCM-41 hinders the
recombination of the photogenerated charge carriers. On the
other hand, the chopped-light chronoamperometry (I-¢) tech-
nique was used to evaluate the photoresponse and charge
recombination of all as-prepared materials. Over eight on/off
cycles of visible light (Fig. 5c), the 10MCM@BS/CdS electrode

17718 | RSC Adv,, 2026, 16, 17712-17723

demonstrates the highest and most stable photocurrent
response, achieving an approximately ~85 pA cm™ 2. This indi-
cates that the 10MCM@BS/CdS loading provides an ideal
equilibrium among light absorption, charge carrier mobility,
and surface-active sites. Conversely, excessively loading of
MCM-41 in 15MCM@®@BS/CdS catalyst increases charge recom-
bination or restricts light penetration, diminishing the
photocurrent.

Furthermore, electrochemical impedance spectroscopy (EIS)
was performed to investigate the charge transfer dynamics at
the electrode-electrolyte interface. From the Nyquist plot, the
semicircle diameter of the plot is related to the charge transfer
resistance (R.). Accordingly, a smaller arc signifies highly effi-
cient separation and transport of charges. Fig. 6d clearly shows
the smallest semicircle arc for 10MCM@BS/CdS composite
compared to other materials. These results confirm a significant
reduction in charge transfer resistance, promoting faster
interfacial charge transport. This enhancement facilitates
charge transfer and slows down the recombination of e /h"
pairs. Also, the inset in the figure shows that the resistance
decreases under light irradiation compared to the dark condi-
tions. Additionally, the flat band potentials were assessed for
the synthesized photoanodes through Mott-Schottky analysis.
In Fig. 5e, the potentials of FB are recorded as —0.3, —0.48,
—0.51, —0.59, and —0.5 V vs. Ag/AgCl reference electrode (0.31,
0.13, 0.1, 0.02, and 0.11 V vs. RHE) at pH = 7 for BS/CdS,
5MCM@®@BS/CdS, 7MCM@BS/CdS, 10MCM@BS/CdS, and
10MCM@BS/CdS, respectively, derived from the interruption of
the plot along the x-axis. The values suggest that all prepared

© 2026 The Author(s). Published by the Royal Society of Chemistry
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catalysts exhibit n-type semiconductor characteristics, as evi-
denced by the positive slopes of the curves. In n-type materials,
the Fermi level is approximately close to the Fermi energy level.*
Besides, the Mott-Schottky plot for the 10MCM@BS/CdS
sample exhibits the smallest slope compared to other
samples, indicating the high carrier density of this sample.**

3.3. The photocatalytic degradation of RhB

The organic pollutant RhB dye was chosen as a model pollutant
to determine the photocatalytic activities of the as-prepared
catalysts. The dye was exposed to a 400 W xenon lamp as
a UV/visible light source. As illustrated in Fig. 6a, the photo-
catalytic activity was about 65, 79.5, 93.5, 99.3, and 85.2% within
90 min for BS/CdS, 5MCM®@BS/CdS, 7MCM@BS/CdS,
10MCM@BS/CdS, and 15MCM@BS/CdS. As MCM-41 weight
contents increase, photocatalytic activity increases due to the
trapping effect of MCM-41 for photo-excited electrons that
inhibit electron-hole recombination. However, in the case of
15MCM@BS/CdS, the photocatalytic activity diminishes, which
may be due to an excessive loading of MCM that could lead to
particle agglomeration or block active sites, consequently
impeding effective charge mobility. The adsorption of dyes
enhances visible light absorption and facilitates a fast transfer
process. When Bi,S; was illuminated, electrons migrated from
the CB to the VB of CdS and reacted with adsorbed oxygen,
giving the reactive oxygen species (‘O,” and "OH), which
subsequently degrade the RhB dye. Overall, the obtained pho-
tocatalytic results are comparable to those reported in previous
studies, as displayed in Table 1.

The pH of the dye solution mainly affected the species of
RhB, charge characteristics of the photocatalyst and thus the
photocatalytic system. A series of experiments with initial pH
values from 2.5 to 10 was conducted to ascertain the optimal pH
value for the efficacy of RhB removal utilizing the photocatalyst
(Fig. 6b). Each solution was mixed with 50 mg of photocatalyst,
a degradation time of 180 min, and an initial dye concentration
of 10 ppm. The effect of pH on the photodegradation of RhB
over 1I0MCM@BS/CdS was investigated under visible light
irradiation. The photodegradation efficiencies were 87, 100, and
12.7% in the case of pH 4.0, 7.0, and 10.0. The photocatalysts
displayed the best photocatalytic activity at pH = 7.0, but
decreased in the high acidic and alkaline mediums. Excess H'
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ions in an acidic solution scavenge reactive species, inhibiting
the "OH radicals production and thus lowering the activity.
Moreover, the positively charged RhB dye is repelled from the
positively charged MCM®@BS/CdS surface under highly acidic
conditions, diminishing its adsorption and degradation rates.
Conversely, the negative charge of the dye surface in the basic
solution enhances the electrostatic attraction of positively
charged dyes and thus promotes the adsorption rate.

On the other hand, one of the crucial factors in the organic
pollutant photodegradation is its initial concentration. Thus,
the photocatalytic degradation experiments were performed
with different initial concentrations (10-50 ppm) of RhB solu-
tion maintained at a pH of 7 using 50 mg of 10MCM®@BS/CdS.
As illustrated in Fig. 6c, the efficiency of the degrading process
over 10MCM@®@BS/CdS decreased, dropping from 99.3 to 40% as
the initial RhB concentration increased from 10 to 50 ppm. The
degradation rate decreases with increasing initial concentration
because the lifetime of hydroxyl radicals formed is very short
(only a few nanoseconds). They can only react at or near their
formed location. If the dye concentration increases, the
photons' entering path length will decrease, reducing the
catalytic efficiency. Kinetic experiments regarding the photo-
catalytic degradation of RhB were conducted to substantiate the
kinetic model and determine the values of the rate constant of
the photocatalytic reaction. The photodegradation of RhB dye at
low initial concentrations follows pseudo-first-order kinetics,
consistent with the Langmuir-Hinshelwood model. The equa-
tion of relevance is as follows.

In Co — In C, = kypyp (4)

The expression (C, — C) signifies the reduction in initial dye
concentrations observed over various time intervals, while the
first-order rate constant is represented by Kapp (s7'). The Kapp
values are presently derived from the slope of the graph
depicting In(Cy, — C,) in relation to time. The linear plots cor-
responding to the pseudo-first-order kinetic model are shown in
Fig. 6d, indicating that the RhB degradation over 10MCM@BS/
Cds follows pseudo-first-order kinetics. The photocatalytic
degradation kinetics of RhB over 10MCM@BS/CdS were evalu-
ated at different initial dye concentrations (10-50 ppm). The
results show that the reaction rate constant (k) decreases from

Table 1 Comparative study of the photocatalytic efficiencies of the different photocatalysts

Conc. of dye Amount of % Degradation

Catalyst (mgL ™) catalyst (mg) Degradation time (min) Light source Ref.
TiO,/rGO (5%) 10 120 97.6 120 100 W xenon lamp 55
CdNiZnO 20 30 98.0 50 UV-visible light 56
Bi,O5Br,-doped ZSM-5 20 50 99.8 25 300 W Xe lamp 57
CdS/Bi,S3/BiOI0; 10 20 94.2 30 300 W Xe lamp 33
SI,Bi, Ss 10 5 92.0 240 Visible light 58
Bi,S3/g-C;N, 10 20 99.9 60 Visible light 59
o/B-CdS/SiO, 400 50 93.4 60 150 mW cm 2 60
CdS NPs 100 20 99.7 60 300 W xenon lamp 61
FeMCM-41@FePOM 10 5 97.0 40 100 W white LED light 62
10 MCM@BS/CdS 10 50 99.3 60 300 W Xe light This work
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0.044 to 0.011 min~' as the initial concentration increases,
while the corresponding half-life (¢;,,) increases from 15.75 to
63.01 min. The R* values indicate good agreement with the
pseudo-first-order kinetic model, ranging from 0.843 to 0.981.
These results suggest that higher initial dye concentrations slow
down the degradation rate, likely due to reduced availability of
active sites and light attenuation at higher concentrations.

Moreover, evaluating the reusability of the 10MCM@BS/CdS
photocatalyst is crucial to understanding its long-term stability.
The reusability test was performed for five photocatalytic cycles.
After each cycle, the photocatalyst was recovered by centrifu-
gation, followed by drying and reweighing before reuse. Only
a negligible loss of catalyst was observed, resulting in a minor
decrease in photocatalytic activity. As shown in Fig. 7a, RhB
degradation maintained a consistent efficiency of approxi-
mately 94% using the 10MCM@BS/CdAS catalyst over the
consecutive cycles. The findings demonstrate the catalyst's
strong reusability, with the minor reduction in photocatalytic
performance likely due to a small amount of catalyst lost during
recovery and recycling.

To investigate the reactive species responsible for RhB pho-
todegradation, radical scavenging experiments were conducted

using different scavengers. Disodium

120
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ethylenediaminetetraacetate (EDTA-2Na), benzoquinone (BQ),
and isopropanol (IPA) were employed as quenchers of photog-
enerated holes (h"), superoxide radical anions (‘O,7), and
hydroxyl radicals (‘OH), respectively. These quenching agents
were introduced into the photocatalytic system during the
degradation reaction using the 10MCM@®@BS/CdS composite. As
shown in Fig. 7b, complete degradation (~99.3%) was achieved
in the absence of any scavenger. Upon the addition of the three
scavengers, a remarkable decrease in the degradation of the dye
was observed, indicating the crucial role of the h', "0,~, and
'OH radicals in the degradation process. Upon the addition of
EDTA-2Na and BQ, the degradation efficiency significantly
decreased to 26.7% and 37.8%, respectively, indicating that h*
and 'O,  species play dominant roles in the degradation
process. In contrast, the presence of IPA resulted in a relatively
smaller decrease in degradation efficiency (81.8%), suggesting
that "OH radicals play a minor role in the photocatalytic
reaction.

The 10MCM@BS/CdS nanocomposite shows impressive
photocatalytic performance under visible light, thanks to the
combined effect of its heterojunction structure and mesoporous
support (Fig. 7c). Under the light source illumination, electron-
hole (e /h") pairs were produced from the photoexcitation of
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Fig. 7
illustrating photocatalytic degradation of 10MCM@BS/CdS.
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(a) Photodegradation recycling, (b) effect of scavengers on the RhB photocatalytic degradation using 10MCM@BS/CdS, and (c) diagram
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both BS (bandgap = 1.4 eV) and CdS (bandgap = 2.45 eV). As
illustrated in eqn (5)-(13), the induced electron-hole (e /h")
pairs interact with dissolved oxygen species (ROS), producing
different superoxide radicals. The accumulated electrons in the
CB of CdS react with dissolved oxygen (O,) to produce super-
oxide radicals ("O,"), which play a significant role in the
degradation process. Meanwhile, the holes in the VB of CdS
directly participate in the oxidation of RhB molecules. Due to
the relatively less positive VB potential of CdS and the experi-
mental scavenger results, the formation of hydroxyl radicals
(‘OH) is considered limited and plays a minor role in the
degradation pathway. Notably, "OH radicals can be generated
indirectly via secondary reactions involving superoxide radicals,
where the stepwise reduction of O, leads to the formation of
hydrogen peroxide (H,0,), which can subsequently decompose
to yield "OH radicals under suitable conditions.*® Furthermore,
MCM-41 primarily acts as a high-surface-area mesoporous
support that enhances the dispersion of active components and
improves dye adsorption near reactive sites. This structural
advantage facilitates charge transfer and reduces recombina-
tion probability indirectly.
1- Photoexcitation:

BS + hv — BS (hyp" +ecp) (5)
CdS + hv — CdS (hyg" +ecp) (6)
2- Z-scheme charge transfer:
h* (VB, CdS) + e~ (CB, BS) — recombination ()
3- Water oxidation
2H,0 + hyg" — O, + 4H" (8)
4- Superoxide formation:
e (CB,CdS) + O, — 'O, 9)

5- H,0, formation (stepwise reduction)

‘0,” + H" > HO; (10)
2HO; = H,0,+0, (11)
6- Secondary "OH formation
H,0, +e¢  — OH™ + 'OH (12)
7- Dye degradation
RhB + "OH/'O, /h* (VB, CdS) — CO, + H,0 (13)

4. Conclusion

In conclusion, the MCM-41 doped Bi,S;/CdS composites with
different MCM contents were prepared through the hydro-
thermal method. A variety of analytical and spectroscopic

17722 | RSC Adv, 2026, 16, 17712-17723
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techniques were employed to characterize the as-prepared
nanocomposites. The combination of MCM-41 with Bi,S;/CdS
composite can increase the surface area, suppress the agglom-
eration of Bi,S;/CdS nanoparticles, and facilitate charge sepa-
ration and transport, enhancing the photocatalytic activity.
TEM and HR-TEM analysis confirmed the uniform dispersion of
Bi,S;/CdS heterojunction within MCM-41, facilitating efficient
charge transfer. Furthermore, electrochemical investigations
supported the key role of combining the Bi,S;/CdS hetero-
structure with the MCM-41 support in enhancing the
photoelectrochemical properties. Among all composites, the
10MCM@BS/CdS sample exhibited a stable photocurrent
density of ~85 pA cm™? through /-t measurements. Mott-
Schottky analysis indicated n-type semiconductor behaviour
with an increased charge carrier density and more negative flat-
band potential (~—0.59 V vs. Ag/AgCl). Besides, EIS results
showed the smallest Nyquist semicircle, confirming the lowest
charge-transfer resistance (55 Q) and suppressed electron-hole
recombination. Accordingly, the as-prepared catalyst showed
superior visible-light photocatalytic activity, reaching 99.3%
RhB degradation within 60 min, obeying pseudo-first-order
kinetics with excellent stability over repeated cycles. Overall,
the synergistic heterojunction-mesoporous design enhances
the photocatalytic and electrochemical performance for solar-
driven wastewater treatment.
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