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Abstract
Cadmium sulfide cd1s1−x nanoparticles were synthesized using a simple and cost-effective hydrothermal method
by varying the Cd:S molar ratio to investigate its effect on the photocatalytic degradation of Rhodamine B (Rh-B)
in aqueous solution under simulated solar irradiation serves as a model organic pollutant. Structural and mor-
phological characterization using XRD, SEM, and UV–Vis spectroscopy confirmed the particularity of cd1s1−x
particle with good crystallinity and visible light absorption properties. The photocatalytic efficiency of the cd1s1−x
nanoparticles exhibited a strong dependence on the sulfur ion concentration, indicating the critical role of precur-
sor ratio in tuning photocatalyst performance. Among the samples, the one prepared with x= 0.3026 exhibited
the highest degradation efficiency, achieving nearly complete removal of Rh-B within 73 minutes. The enhanced
photocatalytic performance is attributed to the optimized particle size, which improves crystallinity and surface
area, facilitating more efficient charge separation, light absorption, and separation of photogenerated charge
carriers. This study highlights the crucial role of precursor composition in tailoring the structural and functional
properties of cd1s1−x nanoparticles, providing a straightforward and scalable approach for developing efficient
visible-light-responsive photocatalysts for environmental remediation applications.
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1. INTRODUCTION
Environmental pollution and energy shortages are
among the most pressing challenges to the sustainable
development of human civilization [1–3]. As major con-
tributors to environmental and water pollution, along with
the scarcity of renewable energy sources, these issues
demand urgent attention [3, 4].
Among various water treatment methods, semiconductor
photocatalysis powered by solar energy is considered to
be one of the most promising technologies because of
its environmentally friendly, energy-efficient, and straight-
forward approach [5]. Cadmium sulfide (CdS), a semi-
conductor, exhibits notable photocatalytic activity and is
therefore a promising material for environmental reme-
diation and energy conversion applications [4]. In par-

ticular, CdS nanoparticle photocatalysts have garnered
significant research interest [6, 7]. In recent years, CdS
nanoparticles have garnered significant interest owing
to their tunable band gap, strong visible-light absorp-
tion, and high surface area [7–9]. These materials are
promising candidates for various applications, including
photodegradation, solar cells, sensors, water splitting,
and photodetectors [10–13].Their effectiveness in these
applications is largely attributed to their suitable direct
band gap (∼2.45 eV) [14, 15], which facilitates strong
visible-light absorption and promotes high catalytic ac-
tivity in various applications, including organic pollutant
degradation, co2 reduction, antibacterial action, and the
development of electronic devices.
However, the optical transmittance of CdS is still not suf-
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ficiently high for certain advanced optoelectronic applica-
tions, which limits its effectiveness in devices that require
high light transparency and efficient photon transport
[15]. This limitation can be attributed to several factors,
including particle size, morphology, surface area, and
the synthesis method employed. Therefore, enhancing
the photocatalytic activity of CdS nanoparticles remains
a crucial area of research [16], particularly in the context
of semiconductor-based photocatalysis, where efficient
light absorption and charge carrier separation are essen-
tial for driving redox reactions under solar irradiation [17].
The activity of CdS is highly dependent on the genera-
tion, separation, and utilization of electrons and holes
produced upon light absorption. Enhancing these as-
pects can lead to improved photocatalytic performance
[18–20]. CdS nanoparticles exhibit unique physical prop-
erties that make them particularly interesting for photo-
catalytic applications [21–25]. The physical properties
of CdS nanoparticles can vary depending on their size,
shape, and the synthesis method used [4, 25, 26].
The hydrothermal method offers several advantages for
the preparation of nanoparticle materials, including low-
temperature processing and avoidance of organometallic
or toxic precursors [25, 27].
The optical and electronic properties of CdS can be tuned
by controlling the size and shape of the nanoparticles
[28–30]. Studies have demonstrated that the photocat-
alytic hydrogen evolution activity of cd1s1−x is strongly in-
fluenced by its morphology, crystal structure, crystallinity,
and particle size. For instance, quantum dots may have
different properties compared to bulk materials. The
band gap of cd1s1−x was found to be approximately 2.37
eV, which corresponds to an absorption edge of approx-
imately 525 nm in the visible light region. Moreover,
cd1s1−x nanoparticles can exist in different crystalline
forms, and this has a significant impact on their elec-
tronic, catalytic, and optical properties [9, 31–34].
In the present study, we report a simple and cost-effective
hydrothermal synthesis route for cd1s1−x nanoparticles,
which exhibit high photocatalytic activity for the degrada-
tion of organic pollutants under visible light irradiation at
relatively low temperatures.
The optical properties and photocatalytic activity of as-
synthesized cd1s1−x nanoparticles were systematically
studied. The underlying mechanism responsible for the
enhanced photocatalytic performance was explored and
discussed. We believe that this study may pave the way
for further enhancement of the photocatalytic properties
of cd1s1−x and offers promising potential for the future
large-scale application of In-doped cd1s1−x nanostruc-
tures based on this simple preparation method.

2. EXPERIMENTAL

2.1. Preparation of cd1s1−x nanoparti-
cle.

cd1s1−x nanoparticles were synthesized via a
facile hydrothermal method using cadmium acetate
(Cd(CH3COO)2·2H2O) as the cadmium source and
thiourea ((NH2)2CS) as the sulfur source. The
concentration of cadmium acetate was fixed at 0.0076
mol/g, and the thiourea concentration was systematically
varied (0.0026 mol/g) to investigate the influence of the
sulfur ion content on the photocatalytic properties of
the resulting cd1s1−x nanoparticles. The precursors
were separately dissolved in an ethanol–water mixture
(total volume: 80 mL) in a 1:1 volume ratio (V_ethanol*:
V_water). The mixture was transferred to the inner tube
of an autoclave, sealed, and maintained at 120°C for 10
h. After the hydrothermal reaction was complete, the
autoclave was allowed to cool naturally to room temper-
ature. The resulting yellow precipitate was collected
by centrifugation, washed three times alternately with
absolute ethanol and deionized water to eliminate any
residual ions or impurities, and subsequently dried in
an oven at 60°C for 3 hours and annealed at 400°C for
2h. For comparison, additional samples were prepared
by varying the thiourea concentration to 0.0026, 0.0039,
and 0.0053 mol/g, corresponding to samples A, B,
and C, respectively. The detailed precursor ratios are
summarized in Table (1).

2.2. Characterization Techniques of
cd1s1−x nanoparticle.

The crystalline structures of the as-prepared cd1s1−x
samples were analyzed using powder X-ray diffraction
(XRD) on a Y-2000 automated diffractometer (D/max, 30
kV) equipped with Cu Kα radiation (λ = 0.154178 nm).
The data were collected at a scanning rate of 0.04° 2θ

s−1 over the appropriate diffraction angle range.
The surface morphology and microstructure of the sam-
ples were examined using field-emission scanning elec-
tron microscopy (FE-SEM; JEOL JSM-6700F).
The optical properties were investigated using UV–vis
diffuse reflectance spectroscopy (UV–vis DRS) recorded
with a PerkinElmer Lambda 350 spectrophotometer over
the wavelength range of 200–800 nm.

3. RESULTS AND DISCUSSION
3.1. Crystal structures of cd1s1−x

samples.
Figure (1)(a–c) shows the X-ray diffraction (XRD) pat-
terns of the cd1s1−x samples A, B, and C. All samples
were maintained at 120 °C for 12 h during the hydrother-
mal process and subsequently annealed at 400 °C to
improve crystallinity and remove residual organic species
[27, 35, 36]. The diffraction peaks for all samples match
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Table[1]: show the different degradation efficiency of cd1s1−x nanoparticle

Sample X in cd1s1−x
Cd:S Molar Ratio [mol/g]

Band gap (eV)
Time for Full
Degradation

(min)

Degradation
Efficiency (%)

Rate Constant
k (min−1)Cd (mol/g) S (mol/g) S/Cd Ratio

A 0.6579 0.0076 0.0026 0.3421 2.76 70 92% 0.012
B 0.4868 0.0076 0.0039 0.5132 2.70 70 94% 0.019
C 0.3026 0.0076 0.0053 0.6974 2.37 70 100% 0.021

Figure 1. displays the X-ray diffraction (XRD) patterns of cd1s1−x samples synthesized with the mole ratio x of 0.6579 (A), 0.4868
(B), and 0.3026 (C), respectively

well with the monoclinic -Greenockite phase of CdS
(JCPDS No. 02-0549). The characteristic reflections
appearing at 2θ ≈ 24.95°, 26.60°, 28.24°, and 51.95°
correspond to the (100), (002), (101), (110), and (112)
crystal planes, respectively, confirming the formation of
phase-pure CdS.

The sharp and well-defined peaks suggest that the syn-
thesized samples possessed good crystallinity. The high-
est peak, corresponding to the (002) plane, remained
nearly constant across all samples; this is expected given
that the samples were synthesized under identical con-
ditions, indicating the successful formation of crystalline
cd1s1−x. As the S2− concentration increased, noticeable
changes in the intensity and sharpness of the diffrac-
tion peaks were observed [5, 30]. The dominant (002)
reflection is a characteristic feature of the hexagonal

α-greenockite CdS structure and indicates a preferred
orientation of crystallites along the c-axis. The nearly
unchanged 2 position of this peak across all cd1s1−x
samples confirms that varying the sulfur content does
not alter the fundamental lattice parameters, indicating
that the introduced sulfur vacancies are too small in
concentration to produce measurable lattice distortion.
However, the increased peak intensity with higher sulfur
content reflects improved crystallinity and the formation
of smaller, more well-defined CdS nanoparticles.

This suggests that the crystallinity of cd1s1−x improved
at higher sulfur contents [37, 38]. A characteristic peak
corresponding to pure sulfur was observed in sample C,
which is associated with x=0.3026 (Figure (1)(c)). Using
the Scherrer equation (1), the average crystallite size was
calculated and found to vary marginally with changes in
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the Cd:S molar ratio [30].

D = 0.9λ/βcosθ (1)

where D is the crystal size, λ is the wavelength of the
X-ray, β is the full width at half maximum (FWHM), and
is Bragg’s angle. The crystal sizes of cd1s1−x calculated
from the (002) peak of the sample were 4.56, 5.17, 4.43,
5.96, 3.6, and 3.6 nm, respectively. The enhancement in
crystallinity and decrease in particle size with increasing
sulfur concentration may be attributed to the more
complete reaction between Cd2+ and S2− ions during
the hydrothermal process, resulting in better crystal
formation [25, 39–41]. The introduction of a large
amount of SC(NH2)2 into cd1s1−x may have introduced
impurities into the structure, which may contribute to
a reduction in photocatalytic activity. No significant
changes were observed in the crystalline structure of
the cd1s1−x peaks because of the minimal presence of
SC(NH2)2.

XPS.

Figure (2)(a and b) shows the high-resolution XPS spec-
tra of the S 2p and Cd 3d core levels for the CdS sample
prepared with a Cd:S ratio of 7.6:5.3 (sample C). To com-
pensate for surface charging effects, all binding energies
were calibrated using the C 1s peak at 284.66 eV [2, 42].

The Cd 3d spectrum (Figure (2)b) exhibits two well-
defined peaks at binding energies of 404.915 and 411.7
eV, corresponding to the Cd 3d5/2 and Cd 3d3/2 states,
respectively. These peaks arise from the spin–orbit split-
ting of the Cd 3d core level and are characteristic of
Cd2+ in the CdS lattice. The high-resolution S 2p spec-
trum displays two distinct peaks at 161.1 and 162.2 eV,
assigned to the S 2p3/2 and S 2p1/2 components, re-
spectively. The low-resolution S 2s spectrum displays
two distinct peaks at 161.1 and 162.2 eV, assigned to the
S 2p3/2 and S 2p1/2 components, respectively. These
binding energies are typical of s2− ions bonded to Cd2+,
confirming the formation of Cd–S bonds. Slight peak
broadening and minor binding energy shifts in the S 2p
region suggest charge redistribution around sulfur atoms,
which may be associated with lattice defects, such as
sulfur vacancies or local non-stoichiometry. The peak
at approximately 226.5 eV binding energy is primarily
attributed to the sulfur 2s (S 2s) core level. A weak
O 1s signal, typically observed in the binding energy
range of 531–533 eV, is commonly detected in CdS XPS
spectra. This oxygen signal does not indicate bulk oxy-
gen incorporation into the CdS lattice but is attributed
to surface-adsorbed oxygen species, hydroxyl groups,
or adsorbed water molecules. The XPS results are in
good agreement with the XRD analysis, confirming that
sulfur is successfully incorporated into the Cd lattice with-
out the formation of a separate crystalline sulfur phase

at low sulfur concentrations (Cd:S = 8:0.8). At higher
sulfur ratios, additional sulfur-related diffraction peaks
are expected owing to phase separation or excess sul-
fur. The absence of undesired oxide phases and the
presence of defect-related chemical environments are
highly beneficial. These defects can act as charge trap-
ping centers, suppressing electron–hole recombination,
enhancing charge carrier separation, and promoting in-
terfacial redox reactions. Collectively, these features
contribute to the enhanced photocatalytic performance
of CdS nanoparticles.

3.2. Morphology of the synthesized
cd1s1−x nanoparticles.

The morphology and nanostructure of the synthesized
cd1s1−x were characterized using SEM. The SEM image
of Sample (A), prepared with X= 0.6579, reveals the pres-
ence of large particles with an approximate diameter of 4
µm. This particle size is significant, supporting the idea
that cd1s1−x synthesized with a smaller SC(NH2)2 ratio
primarily forms bulk-like structures under these synthesis
conditions, as shown in Figure (3)(A). To investigate the
mechanism behind the increasing SC(NH2)2 concentra-
tion in the preparation of cd1s1−x nanoparticles, samples
prepared at different stages of synthesis were system-
atically analyzed to investigate the formation process,
as presented in Figures (3)(A-C). The SEM image of
Sample B, shown in Figure (3)(B), reveals uniformly dis-
tributed spherical particles with diameters ranging from
approximately 300 nm to 100 nm. However, these parti-
cles tended to aggregate, forming larger microspheres
with diameters of approximately 2µm. Figure (3)(C) dis-
plays the SEM image of sample C, synthesized with
x=0.3026, highlighting the crystalline nature of the re-
sulting structures. Most of the spheres appeared to be
aggregated with smaller particles, and the aggregated
spheres exhibited good morphology, with a diameter
range of 100–150 nm. The surface morphology of the
crystalline cd1s1−x sample with x=0.3026, as revealed
by SEM, is presented in Figure (3)(c). It appears that
the concentration of s2− plays a significant role, as in-
creasing the s2− concentration leads to a gradual de-
crease in particle size. Additionally, the impact of s2−

addition on particle size during cd1s1−x synthesis is note-
worthy. Thiourea acts as a sulfur source in the synthesis
of cd1s1−x. When heated, especially in hydrothermal
processes, it gradually decomposes to release sulfide
ions (s2−) [43, 44]. These ions react with Cd2+ to form
cd1s1−x nanoparticles. Low SC(NH2)2 concentration,
slower sulfur release, fewer nucleation sites, and for-
mation of larger, bulk-like particles [45]. Increasing the
concentration of SC(NH2)2 enhances the sulfur release
rate, which accelerates nucleation and yields a larger
population of smaller nanoparticles. The reduced parti-
cle size increases the density of exposed active surface
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Figure 2. High and low resolution XPS spectra for cd1s1−x Nanoparticles (a) S 2p, (b) Cd 3d, and low resolution (c) sample C.

sites and shortens charge-carrier diffusion paths, thereby
suppressing recombination. Additionally, the transition
from aggregated microspheres to dispersed nanoparti-
cles produces a more homogeneous suspension and im-
proves contact with Rh-B molecules. Collectively, these
morphological and charge-transfer advantages account
for the enhanced photocatalytic degradation efficiency
toward Rh-B.

3.3. Optical Properties of cd1s1−x

UV-vis absorption spectroscopy was employed to inves-
tigate the optical properties of the synthesized cd1s1−x
nanoparticles. As illustrated in Figure (4), cd1s1−x
nanoparticles exhibited strong absorption in the visible
region, which is characteristic of cd1s1−x semiconduc-

tors. The enhanced visible-light absorption observed
in smaller particles, especially in sample C, can be at-
tributed to their good crystallinity. This crystallinity re-
duces defect-related trap states, which typically widen
the band gap. Additionally, the formation of smaller
nanoparticles induces partial quantum confinement ef-
fects, thereby subtly altering electronic transitions. These
combined factors enable more efficient utilization of solar
light and significantly enhance photocatalytic activity.
The observation of cd1s1−x samples revealed that the

absorption edge for most nanoparticles occurred at ap-
proximately 440 nm, which corresponds to a specific
band gap energy. However, sample C showed an un-
usual absorption edge at 525 nm, suggesting that it may
have different structural or electronic properties com-
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Figure 3. SEM images of alpha-Greenokite cd1s1−x samples synthesized with the mole ratio x of 0.6579 (A), 0.4868 (B), and
0.3026 (C), respectively

pared to the other samples. The calculated band gap
values were 2.76, 2.70, and 2.37 eV for samples A, B,
and C, respectively.
In this study, enhanced absorption of simulated solar
light was observed with increasing concentrations of s2−

in the synthesis process. Increasing the s2− ratio re-
sults in enhanced peak intensity, improved crystallinity,
decreased band gap, and decreased particle size, col-
lectively leading to improved photocatalytic activity. This
also causes a red shift in the absorption edge of the
cd1s1−x crystals toward the visible region. This red shift,
along with improvements in morphology and crystallinity,
confirms that controlling the sulfur ratio is a viable strat-
egy for optimizing cd1s1−x photocatalysts. The gradual
decomposition of the precursor releases sulfide ions
(s2−), which react with Cd2+ to form cd1s1−x nanoparti-
cles [29–31].
Our observation that increasing the sulfur ratio shifts
the absorption edge toward longer wavelengths and en-
hances visible-light absorption agrees with recent re-
ports, wherein sulfur source variations or sulfur-vacancy
engineering resulted in similar band-gap tuning and
visible-light harvesting in cd1s1−x [16]. The optical ab-
sorption near the band edge of a crystalline semiconduc-
tor is commonly described by the following equation [46,

47]:

E = 1242/λ (2)

3.4. Photocatalytic Activity.

To evaluate the photocatalytic activity, the degradation of
Rh B under simulated solar light was used as a model re-
action. Figure (5) shows the photodegradation efficiency
of Rh-B for cd1s1−x samples synthesized with varying
S/Cd ratios, as shown in Table (1). The degradation
process was monitored by measuring the decrease in
absorbance at 553 nm, the characteristic peak of Rh-
B. The results indicate that the photocatalytic activity is
significantly influenced by the ratio. The photocatalytic
performance varied noticeably with the S/Cd ratio.

At 55 min, Sample A (0.3421 S/Cd) exhibited a relatively
low degradation efficiency (75%), whereas Sample B
(0.5132 S/Cd) reached 90% degradation. Sample C
(0.6974 S/Cd) showed comparable activity at this stage,
attaining 90% degradation. After 70 min, the differences
became more pronounced. Sample A achieved 92%
degradation, while Sample B reached 94%. Notably,
Sample C demonstrated the highest photocatalytic ac-
tivity, achieving complete (100%) degradation within the
same time.

This corresponds to the highest degradation efficiency
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Figure 4. UV–Vis absorption of cd1s1−x samples synthesized with the mole ratio x of 0.6579 (A), 0.4868 (B) and 0.3026 (C),
respectively

Figure 5. shows (a) the photodegradation efficiency of Rhodamine B (Rh-B) for cd1s1−x samples with x = 0.6579 (A), 0.4868 (B),
and 0.3026 (C), and (b) the absorbance spectra of Rh-B for sample C.

achieved among the tested samples, as shown in Table
(1).
UV–Vis measurements reveal a progressive red-shift of
the absorption edge and a decrease in the optical band
gap from 2.76 eV (sample A) to 2.37 eV (sample C) as

the thiourea (S) ratio increases. This behavior is consis-
tent with recent reports, wherein variations in the sulfur
source or deliberate introduction of sulfur vacancies re-
sulted in similar band-gap tuning and extended visible-
light absorption [38]. The red-shift in our samples is
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Figure 6. Linear plot of ln(C0/C) versus irradiation time showing the pseudo-first-order kinetic behavior of RhB dye degradation
over the cd1s1−x photocatalyst under visible-light irradiation

accompanied by a morphology change from aggregated
microspheres to dispersed nanoparticles (SEM, Figure
3), which increases the surface area and active-site ac-
cessibility. Thus, band-gap narrowing and enhanced sur-
face exposure explain the observed improvement in Rh-B
photodegradation rates for sulfur-rich samples. These
trends are in agreement with the literature, which links
sulfur-deficiency/defect engineering and precursor-ratio
control to improved visible-light harvesting and photocat-
alytic activity.

The photocatalytic efficiency obtained in this study is
comparable to, and in some cases higher than, values
reported for cd1s1−x synthesized using more complex
procedures. This improvement is attributed to improved
crystallinity, reduced particle size, and better light ab-
sorption.

The photocatalytic performance of the cd1s1−x samples
was further evaluated by analyzing the degradation kinet-
ics of RhB under visible-light irradiation. The degradation
behavior generally follows the Langmuir–Hinshelwood
(L–H) model, which simplifies to a pseudo-first-order
kinetic expression at low dye concentrations. The corre-
sponding rate equation is as follows:

ln(C0/C) = k1t (3)

where k1 (min−1) is the apparent pseudo-first-order rate

constant.

Figure (5) shows the plots of ln(C0/C) versus irradiation
time for samples A, B, and C. All samples exhibited a
strong linear relationship (R2 ≈ 0.89–0.95), confirming
that the degradation of RhB proceeded via pseudo-first-
order kinetics. The rate constants (k1) were found to be
0.025 min−1, 0.054 min−1 and 0.056 min−1 for samples
A, B, and D, respectively. These results clearly demon-
strate that the photocatalytic degradation rate increased
with increasing sulfur content. Sample C exhibited the
highest rate constant, more than double that of sample
A, indicating significantly improved photocatalytic activity.

3.5. Mechanism of photocatalytic ac-
tivity

Increasing the S2− concentration enhances the peak in-
tensity and sharpness, indicating higher crystallinity. Im-
proved crystallinity reduces defect recombination centers,
thereby enhancing photogenerated charge separation.

Figure (5) clearly demonstrates that pure cd1s1−x can
degrade Rh-B under simulated solar light irradiation. As
revealed by the XRD patterns, increasing the S2− con-
centration enhances the peak intensity and sharpness,
resulting in higher crystallinity. Moreover, improved crys-
tallinity reduces the number of defect recombination cen-
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Figure 7. Schematic illustration of the cd1s1−x nanoparticles photocatalytic degradation mechanism of RhB under visible-light
irradiation.

ters and enhances photogenerated charge separation.
The UV-Vis absorption spectra indicate that the cd1s1−x
nanoparticle possesses a slightly narrower band gap
than that of a cd1s1−x microparticle. Samples prepared
with higher sulfur content exhibited well-defined nanopar-
ticles instead of aggregated microspheres. Nanoparti-
cles offer an increased surface area and reactive sites,
which contribute to a higher photocatalytic rate. Addi-
tionally, band gap modulation enhances the alignment of
the cd1s1−x nanoparticle’s electronic structure with the
solar spectrum, thereby facilitating more efficient light ab-
sorption. Consequently, the improved spatial separation
of photogenerated electron–hole pairs contributes to en-
hanced photocatalytic performance in the degradation of
organic contaminants. This structural feature allows pho-
togenerated electron–hole (e−/h+) pairs to migrate more
efficiently to the surface, where they can interact with
redox species in the surrounding solution [10, 19]. This
reduces the likelihood of charge carrier recombination
and enhances the generation of reactive species respon-
sible for the degradation of organic pollutants [19, 26].
Therefore, cd1s1−x a promising visible-light-driven photo-
catalyst, although its stability and photo-corrosion remain
challenges that are often addressed through compositing

or surface modification. Upon excitation, the photogen-
erated electrons (e−) and holes (h+) function as potent
reducing and oxidizing agents, respectively, driving redox
reactions on the catalyst surface [1, 9]. Photogenerated
electrons reduce dissolved O2 to form superoxide radi-
cals (•O−

2 ), while holes oxidize H2O or OH− to generate
hydroxyl radicals (•OH), both of which are key to the
degradation of dye molecules into harmless compounds
(Figure 6) [10, 27]:

e− + O2 → ·O−
2

h+ + H2O → ·OH + H+

h+ + OH− → ·OH

This synergistic effect of charge carrier separation and
radical generation makes Cd S S1-x an efficient photo-
catalyst for environmental remediation applications (Fig-
ure 7).

4. CONCLUSION
In this study, cd1s1−x nanoparticles were successfully
synthesized via a simple hydrothermal method using
various Cd:S molar ratios to investigate the effect of
sulfur concentration on photocatalytic activity. Struc-
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tural, morphological, and optical characterizations using
X-ray diffraction (XRD), scanning electron microscopy
(SEM), and UV–vis spectroscopy confirmed the forma-
tion of crystalline cd1s1−x with visible light absorption
and tunable properties influenced by the precursor con-
centration. Among the nanoparticles, the one with the
highest photocatalytic degradation efficiency under vis-
ible light achieved nearly complete degradation within
73 min. This enhanced performance is attributed to
improved crystallinity, optimized particle size distribu-
tion, higher surface area, and more effective separa-
tion of photogenerated electron–hole pairs. This study
demonstrates that the sulfur/cadmium (S/Cd) ratio plays
a crucial role in tailoring the structural and photocatalytic
properties of cd1s1−x nanoparticles. The optimal S/Cd
ratio of 0.697 offers a promising approach for developing
efficient visible-light-driven photocatalysts for environ-
mental remediation applications. This work elucidates
the fundamental photophysical processes underlying the
photocatalytic activity of cd1s1−x, aiming to advance the
development and optimization of solar energy conversion
technologies.
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