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Compositionally tunable II-VI semiconductor alloys offer a powerful platform for correlating structural evolution
with electronic functionality, however such relationships remain insufficiently explored in solution processed
systems. Here we report a comprehensive composition resolved investigation of wurtzite CdS;.xSex nanorods (0 <
x < 1) synthesized via a facile one pot solvothermal route, establishing direct links between alloy stoichiometry,
microstructural anisotropy, bandgap modulation, and visible light photocatalytic performance. X-ray diffraction
confirms the formation of homogeneous substitutional solid solutions obeying Vegard type lattice expansion,
while detailed microstructural analysis reveals pronounced anisotropic crystal growth, with the [002] direction
consistently exhibiting larger crystallite size, reduced dislocation density, and lower microstrain compared to the
[100] direction, an effect that is maximized at intermediate compositions. Optical absorption and photo-
luminescence measurements demonstrate continuous bandgap tunability across the visible spectrum, driven by
controlled anion substitution and nanoscale confinement. The functional implications of this structural and
electronic interplay are highlighted through visible light driven photocatalytic degradation of norfloxacin, where
CdSp.sSep.2 exhibits optimal activity, achieving the highest degradation rate constant and lowest electrical energy
per order. This superior performance arises from an optimization balance between enhanced visible light ab-
sorption, favorable band edge alignment, and defect assisted charge carrier separation. These results elucidate
the fundamental origins of anisotropic crystal growth and alloy driven lattice modulation in CdSSe nanorods, and
demonstrate compositional engineering as a robust route for tailoring light driven functional performance in
solution processable semiconductor nanomaterials.

1. Introduction

Bandgap engineering in semiconductor alloys is a powerful strategy
for tailoring electronic structure, enabling precise modulation of optical
absorption, excitonic behavior, and charge-carrier dynamics [1-4]. In
compositionally tunable II-VI chalcogenides, the electronic bandgap
depends strongly on alloy stoichiometry, allowing optical transitions to
be positioned across broad spectral ranges without altering the primary
crystal framework [5-8]. Such tunability forms the scientific basis for
advancing multiple optoelectronic technologies including photodetec-
tors, photovoltaics and light-emitting devices [9-11], where systematic
correlations between composition, structure, and electronic response
are essential for the designing of a functional material. Despite extensive
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efforts on quantum dots, thin films, and vapor-phase heterostructures, a
comprehensive understanding of how controlled anion substitution in-
fluences lattice distortion, crystallographic anisotropy, microstrain, and
growth direction in solution-processed II-VI alloys remains incomplete.

The CdS;xSex system is particularly attractive because it offers a
continuously adjustable bandgap spanning approximately 2.42 eV for
CdS [12] to 1.74 eV for CdSe [13], achieved through substitution of
sulfur with selenium within the same lattice. Although earlier studies
have addressed optical tuning, most have focused on vapor-grown
nanowires or thin films, where elevated growth temperatures often
obscure the intrinsic microstructural features arising from alloying
[14-18]. For solution-processed CdSSe nanostructures, the structural
evolution accompanying compositional variation especially changes in

E-mail addresses: tanusripal@midnaporecollege.ac.in (T. Pal), surajit@mail.vidyasagar.ac.in (S. Ghosh).

https://doi.org/10.1016/j.jpcs.2026.113565

Received 30 December 2025; Received in revised form 25 January 2026; Accepted 27 January 2026
0022-3697/© 2026 Elsevier Ltd. All rights are reserved, including those for text and data mining, Al training, and similar technologies.


https://orcid.org/0000-0002-5357-9525
https://orcid.org/0000-0002-5357-9525
https://orcid.org/0000-0001-6604-8857
https://orcid.org/0000-0001-6604-8857
mailto:tanusripal@midnaporecollege.ac.in
mailto:surajit@mail.vidyasagar.ac.in
www.sciencedirect.com/science/journal/00223697
https://www.elsevier.com/locate/jpcs
https://doi.org/10.1016/j.jpcs.2026.113565
https://doi.org/10.1016/j.jpcs.2026.113565

S. Ghosh et al.

lattice parameters, defect generation, crystallite anisotropy, and direc-
tional growth preference has not been systematically mapped across the
full alloy range. These factors are critically important because they
directly influence carrier mobility, exciton recombination, phonon
scattering, and the strength of light-matter interactions.

Beyond their optoelectronic relevance, bandgap-tunable II-VI alloys
have also attracted interest in visible-light photocatalysis, where
controlled electronic structure is essential for optimizing light absorp-
tion and adjusting redox potentials [19-23]. In the CdSSe system, se-
lective anion incorporation enables modulation of both the absorption
edge and the separation efficiency of charge carriers, parameters that
directly influence catalytic performance under broadband or solar illu-
mination. Understanding how alloy composition affects structural dis-
order, crystallographic anisotropy, and defect-assisted carrier dynamics
is therefore important not only for electronic and optical applications
but also for evaluating their performance in light-driven chemical
processes.

In recent years, chalcogenide-based semiconductor materials,
including sulfides and selenides, have attracted significant attention as
visible-light-active photocatalysts owing to their tunable band struc-
tures, suitable redox potentials, and strong light absorption character-
istics. Recent studies have demonstrated that rational strategies such as
compositional modulation, heterojunction construction, cocatalyst
integration, and interfacial charge redistribution can effectively
enhance charge separation and photocatalytic efficiency in these sys-
tems. Notably, a series of recent reports have highlighted the importance
of band alignment engineering and S-scheme or Z-scheme charge-
transfer pathways in multicomponent chalcogenide photocatalysts,
leading to markedly improved photocatalytic performance under
visible-light irradiation [24-33].

The present work addresses these knowledge gaps by providing a
detailed, composition-resolved study of wurtzite CdS;4Sex nanorods
synthesized through a one-pot solution route. By examining six distinct
alloy compositions from x = 0 to x = 1, we establish a complete struc-
tural and microstructural landscape, demonstrating Vegard-law type
linear lattice expansion, composition-dependent peak shifts, and the
formation of homogeneous substitutional solid solutions. A consistent
and notable observation across intermediate compositions is the supe-
riority of the [002] growth direction, which exhibits larger crystallite
size, lower dislocation density, and reduced microstrain compared to the
[100] direction. This directional preference, seldom quantified for
CdSSe alloys, provides direct insight into anisotropic crystal-growth
behavior in solution-processed II-VI chalcogenides.

Complemented by optical absorption and photoluminescence ana-
lyses, these results establish a robust structure-composition—property
relationship in CdSSe nanorods. Furthermore, by correlating bandgap
tuning with visible-light response, we show how moderate lattice
perturbation and controlled alloying can influence photocatalytic
behavior, expanding the functional scope of these materials. This inte-
grated understanding advances both fundamental alloy science and the
potential application of CdSSe nanorods in optoelectronic and light-
activated processes.

2. Experimental section
2.1. Chemicals

All reagents used in this study were of analytical grade and were
employed directly without any additional purification. Cadmium nitrate
tetrahydrate [Cd(NO3),-4H20], sodium selenite (NaySeOs), thiourea
(NHCSNHby), and the antibiotic norfloxacin were procured from Sigma-
Aldrich, while ethylenediamine (ED), ethylenediaminetetraacetic acid
disodium salt (EDTA-Nay), 2-propanol (IPA) was obtained from Merck.
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2.2. Material preparation

The CdS;4Sex (x = 0, 0.2, 0.4, 0.6, 0.8, 1) ternary alloy nano-
structures were prepared through a facile, single-step solvothermal
route. In this synthesis the cadmium precursor was kept at a constant
molar concentration for all syntheses but the chalcogen precursors were
varied to achieve the nominal compositions of CdS;4Sex where x = 0,
0.2, 0.4, 0.6, 0.8, and 1. In a typical synthesis, stoichiometric amounts of
Cd(NO3)2-4H50, and NH,CSNH,, were dissolved in a mixed solvent
system of EN and double-distilled water (DDW) in a 2:1 vol ratio under
constant stirring to form a clear homogeneous solution. The resulting
mixture was transferred into a Teflon-lined stainless-steel autoclave and
maintained at 170 °C for 12 h. After naturally cooling to ambient tem-
perature, the obtained precipitate was repeatedly washed by centrifu-
gation with DDW and IPA to remove residual ions or byproducts. The
final CdS;.xSex powder with different colours of nanorods was dried
overnight at 60 °C and stored for subsequent characterization.

2.3. Materials characterization

X-ray diffraction (XRD) profiles of the CdS; 4Sex alloy samples were
recorded over a 20 range of 20°-55° using a Rigaku Miniflex diffrac-
tometer equipped with Cu K, radiation (A = 0.15418 nm), operated at
30 kV and 10 mA. The surface morphology and structural features were
analyzed using field-emission scanning electron microscopy (FESEM;
Zeiss Gemini-II Cryo). Transmission electron microscopy (TEM) along
with high-resolution TEM (HRTEM) studies were performed on a JEOL
F200 microscope operated at 200 kV to examine the crystallinity and
nanoscale morphology of the CdS;xSex materials. UV-Vis absorption
spectra were recorded using Agilent Cary UV-vis-NIR spectrophotom-
eter in absorption mode using dispersed powder samples; scattering
effects inherent to particulate semiconductors may influence the spec-
tral profile. Room temperature Photoluminescence (PL) emission
spectra were obtained using a Hitachi F-7000 fluorescence
spectrophotometer.

2.4. Measurement of photocatalytic activity

The visible-light photocatalytic performance was evaluated by
monitoring the degradation of norfloxacin in the presence of the pre-
pared photocatalysts. Typically, 16 mg of catalyst was dispersed in 40
mL of an aqueous norfloxacin solution (12.5 mg L) to form a uniform
suspension. The photocatalytic experiments were carried out in a quartz
reactor under illumination from a 1000 W tungsten-halogen lamp at
ambient temperature. The tungsten-halogen source was chosen for its
excellent spectral distribution in the visible region, operational stability,
and affordability, providing reproducible laboratory-scale irradiation
conditions without requiring high-cost solar simulators. Before exposure
to light, the suspension was magnetically stirred in the dark for 30 min
to establish adsorption-desorption equilibrium. During illumination, 4
mL aliquots were withdrawn at 5 min intervals and analyzed using
UV-visible spectroscopy to track the variation in norfloxacin concen-
tration. The photocatalytic efficiency was estimated from the ratio C/Cy,
where Cy is the initial pollutant concentration and C is its value after an
irradiation time t. To minimize thermal interference, the reactor was
enclosed within a water-cooled jacket.

3. Results and discussion
3.1. Materials characterization

A digital photograph of the as-synthesized CdS;.xSey alloy series was
captured under normal visible daylight and is shown in Fig. 1 as the end
products. The image vividly demonstrates the systematic evolution of
color, progressing from yellow in the S-rich compositions to orange at
intermediate stoichiometries and ultimately to deep red and nearly
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Fig. 1. Schematic illustration of the synthetic pathway used for preparing CdS; «Sey alloy nanomaterials, along with real photographs of the obtained CdS; Sex

samples with varying sulfur and selenium ratios.

black hues in the Se-rich samples. This progression reflects the compo-
sitional dependence of the optical band gap, which decreases from CdS
to CdSe. The observed color changes are consistent with the funda-
mental relationship between band gap energy and perceived color,
wherein wider band gaps selectively absorb higher-energy photons,
while narrower band gaps extend absorption across the visible spectrum,
imparting black. Importantly, digital photography not only provides a
compelling qualitative visualization of band gap engineering but, when
coupled with digital image colorimetry, can also yield quantitative
analysis of colorimetric trends in semiconductor alloys.

The crystallographic features of CdS;xSex nanomaterials were
investigated using X-ray diffraction (XRD). As presented in Fig. 2A, the
diffraction patterns exhibited broadened reflections with appreciable
full width at half maximum (FWHM), which signifies the nanocrystalline
nature of the synthesized samples. The characteristic triplet of peaks
corresponding to the (100), (002), and (101) planes was observed in all
samples. The CdS exhibited sharp diffraction peaks at 20 = 24.83°,
26.49°, 28.20°, 36.63°, 43.73°, 47.83°, 51.86°, 52.85°, and 54.55°,
which are indexed to the (100), (002), (101), (102), (110), (103), (112),
(201), and (004) planes, respectively, in agreement with the wurtzite

phase (JCPDS Card No 41-1049) [34]. In contrast, CdSe displayed re-
flections at 23.89°, 25.36°, 27.1°, 35.12°, 42.01°, 45.77°, 49.71, 50.71
and 52.07°, which nominally correspond to the same set of planes re-
ported for the wurtzite structure (JCPDS Card No. 08-0459) [35,36].
However, several peak positions appear slightly shifted from the stan-
dard wurtzite positions, suggesting either minor contributions from the
cubic (zinc blende) phase or strain-induced distortions in the lattice.
Overlapping peaks in the 25.36°, 42.01°, and 49.71° regions show po-
tential cubic phase contributions, but these cannot be definitively
confirmed without advanced analysis like Rietveld refinement. This
ambiguity arises because the only structural difference between hex-
agonal and cubic CdSe is their close-packing sequence: ABAB for hex-
agonal and ABCABC for cubic. For the alloyed CdS; xSex samples, the
diffraction peaks were found to gradually shift between the positions of
CdS and CdSe, confirming the successful formation of a homogeneous
solid solution rather than a simple physical mixture of the two binaries.
A systematic shift of these peaks to lower Bragg angles with increasing
Se content (x) can be attributed to the substitutional incorporation of
S%~ and Se?~ ions within the anion sublattice, as their ionic radii (S2’:
1.84 A, Se?:1.98 1°\) and electronegativity values (S: 2.58, Se: 2.55) are
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Fig. 2. (A) X-ray diffraction (XRD) patterns of CdS;xSey alloys with varying S/Se ratios. (B) Compositional variation of lattice parameters a and c as a function of x.
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closely matched, facilitating smooth lattice accommodation [37].
Similar shifts have been reported for wurtzite structure in
nano-structured Cd; _,Mn,Se thin films [38]. The characteristic triplet of
peaks of the hexagonal morphology corresponding to the (100), (002),
and (101) planes was observed in all samples.

The lattice parameters a and ¢ were calculated from the (100) and
(002) planes, respectively, using the standard formulae for hexagonal

1 _ 4 h*thktk® | B —_ni i
%75(172-‘:-;2 [39] where d =57 . Here, d is the

crystals:

interplanar spacing, (hkl) are the Miller indices, n represents the

diffraction order, A is the X-ray wavelength, and 6 is the Bragg angle.
For (00I) reflections, h = 0 and k = 0, which simplifies the equation:

c=1Ix d(OOl)

Considering (h00) peak (h,k = 0,1 = 0), gives a = \/%
In our cases we have used (002) and (100) planes for the calculation
of ¢ and a lattice parameter respectively. i.e. ¢ =1x d(go2) and a =

A b
3

The calculated Lattice Parameters of CdS;.xSex alloys are summa-
rized in Table 1 in Supporting Information (SI) and the data is plotted in
Fig. 2B. Both lattice parameters a and c follow a linear variation between
CdS and CdSe with changing composition (x), closely obeying Vegard's
law, thereby confirming the substitutional solid-solution nature of CdS;.
xSex alloys. The c/a ratio for all composite approaches close to the ideal
value for a hexagonal close-packed structure (1.633). The smaller ionic
radius of S compared to Se accounts for the contraction in lattice con-
stant with increasing S content, and the measured values are consistent
with earlier reports for CdTe;xSex [40], supporting the interpretation
that the observed peak splitting arises from subtle lattice distortions that
lower the overall symmetry.

The crystallite size of the synthesized particles was determined using
the Debye-Scherrer formula [41,42]: D = K/I/ﬁ cos 6"

In this equation, D represents the average crystallite size, K is the
Debye-Scherrer constant (0.94), and § is the full width at half maximum
(FWHM) of the diffraction peak. A comparison of D for different
composition is presented in Fig. 3A. Furthermore, the dislocation den-
sity (8) [43,44], a parameter that quantifies crystal defects by repre-
senting the number of dislocation lines per unit volume of a crystal and
the microstrain (¢) [45] were estimated using the following relationship:

ezﬁCosé

6:i (lines /m*) and 7

D2

These values serve as an indicator of the sample's crystallinity. The
microstructural parameters like crystallite size, dislocation density and
microstrain for the (100) and (002) planes of CdS; xSey series with their
terminal alloys CdS and CdSe are presented in Fig. 3B and C,
respectively.

The microstructural analysis reveals a pronounced non-monotonic
dependence on composition, with crystal quality being optimized at a
specific S/Se ratio. The crystallite size reaches a maximum of approxi-
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mately 50 nm at x = 0.4, which congruently results in a minimum for
both dislocation density ( ~ 0.4 x10'®> m~2) and microstrain (0.31%).
This points to the highest crystalline quality with the fewest defects at
this composition, an optimum we attribute to a kinetic balance in the
incorporation rates of S and Se anions that minimizes lattice strain
during growth. In contrast, the terminal compositions (x=0,1) and
other intermediates exhibit reduced sizes and elevated defect densities.
Notably, the x = 0.8, composition shows the smallest crystallites and
highest dislocation density, likely due to significant lattice distortion
from the high Se content.

Furthermore, a consistent anisotropic growth is observed across the
series, a characteristic feature of the wurtzite structure. For all inter-
mediate compositions (x = 0.2 to 0.8), the [002] direction (c —axis) is
superior to the [100] direction (a — axis), exhibiting a larger crystallite
size, lower dislocation density, and reduced microstrain, confirming it as
the faster and more perfect growth direction. While this anisotropy is
minimal in the pure CdS and CdSe end members, the [002] plane still
maintains a slight advantage. Overall, the crystal quality is not a linear
function of composition but is optimized at x = 0.4, with growth
consistently favoring perfection along the [002] plane.

The SEM micrographs in Fig. S1 in SI show that all CdS;.xSey samples
contain uniformly distributed one dimensional nanorods with smooth
surfaces and clearly defined boundaries. The images confirm that the
synthesis method produces anisotropic chalcogenide nanostructures
across the entire alloy series. No secondary particles, spherical impu-
rities, or large agglomerates are visible, which indicates high morpho-
logical purity and successful formation of CdSSe solid solutions. Samples
containing a smaller amount of selenium exhibit shorter nanorods that
appear more closely packed. As the selenium content increases, the
nanorods become slightly longer and display better spatial separation.
This gradual change in rod dimensions suggests that alloying influences
the inherent anisotropic growth behavior while preserving the charac-
teristic one-dimensional morphology. The high degree of uniformity and
the clean surface appearance throughout the series show that variation
in composition does not disrupt the basic growth process but instead
produces controlled and predictable changes in rod elongation.

To gain deeper insight into the internal structure, crystallinity, and
nanoscale features of the CdS;.xSex alloys with varying Se, TEM was
subsequently employed. Fig. 4A presents the low-resolution TEM image
of CdSp.gSep2 nanorods, where the clear nanorod morphology is
observed.

Further insight into the crystallinity and atomic structure of the
nanorods is provided by the high-resolution TEM (HRTEM) image of
CdSy.gSeq.2 nanorods shown in Fig. 4B. The image distinctly shows well-
resolved lattice fringes, indicating high crystallinity. Two sets of lattice
planes can be observed, corresponding to the (100) and (002) planes of
the CdSy.gSep.2 hexagonal phase. The measured interplanar spacings are
approximately 0.36 nm and 0.34 nm, respectively. The clear visibility of
lattice fringes and the absence of significant defects or amorphous re-
gions in the HRTEM image further support the high structural quality of
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Fig. 3. Variation of (A) Crystallite Size, (B) Dislocation Density and (C) Microstrain of CdS;«Se, samples for both (100) and (002) planes with varying S and

Se contents.
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Fig. 4. (A) TEM and (B) high-resolution TEM (HRTEM) micrographs of the CdSy.sSeo > alloy.

the synthesized material. This high crystallinity is expected to directly
influence their electronic band structure and excitonic behavior. In this
context, optical absorption studies were subsequently carried out using
UV-Vis spectroscopy to elucidate the composition-dependent bandgap
characteristics.

The tunability of the band gap in CdS;.xSex nanorods was examined
through UV-visible absorption measurements, as shown in Fig. 5A for
compositions with x = 0 to 1. The absorption edge positions directly
reflect the electronic transition between the valence and conduction
bands, enabling comparison of band gap evolution across the alloy se-
ries. The optical Band gap were determined from the absorption data
using the Tauc method [46] [ahy = A (hv — Eg)"], as shown in Fig. $2, in
SI, and the resulting compositional dependence bandgap is presented in
Fig. 5B. In contrast to the bulk CdS and CdSe, the nanorods exhibit a
clear blue shift that originates from strong quantum confinement at the
nanoscale. In addition, substitution of selenium with the more electro-
negative sulfur atoms further widens the band gap by altering the
electronic structure. As a result, the band gap progressively decreases
with higher selenium content, demonstrating that the optical properties
of CdS;xSex alloys can be precisely engineered through compositional
control. This systematic modulation of the absorption edge strongly
suggests corresponding changes in the emission characteristics, which
are examined in the subsequent discussion.

Fig. 5C presents the photoluminescence (PL) spectral profiles of
CdS; xSey alloy series for a direct comparison. As evident from Fig. 5C,
the PL response of the alloys exhibits a systematic blue shift in the
emission maxima as the sulfur fraction within the CdS;_xSex solid solu-
tion increases. This spectral shift originates from the progressive mod-
ulation of the bandgap energy caused by the incorporation of smaller-
sized S anions in place of Se, which effectively reduces the lattice con-
stant and enhances quantum confinement effects. Consequently, the

>
w

emission energy of the alloys is tuned toward shorter wavelengths,
highlighting the strong composition-structure—optical property corre-
lation in these ternary chalcogenide systems.

3.2. Photocatalytic activity study

The photocatalytic efficiency of the CdS; xSeyx series was assessed
through the visible-light-driven degradation of norfloxacin. Prior to
irradiation, the catalyst-pollutant mixtures were stirred in darkness for
30 min to allow adsorption-desorption equilibrium. Subsequent light
exposure for 40 min initiated the photocatalytic process. The normalized
concentration variation, defined as C/C,, with C, representing the initial
norfloxacin concentration and C the concentration at time ¢, is illus-
trated in Fig. S3A, SI. A steady decrease in pollutant concentration was
observed, confirming active photocatalytic degradation. The degrada-

tion efficiency (DE) was determined using [47,48]: DE (%) = (1 -

%) x 100 %

The comparative DE values across the alloy series are presented in
Fig. 6A. CdS nanorods exhibited ~50% degradation after 40 min of
illumination. Incorporating selenium slightly enhanced activity, with
CdSy.gSeq.2 reaching the highest DE of ~52%. A further increase in Se
content, however, resulted in declining performance. A similar compo-
sitional trend has been reported for hydrogen evolution in CdSSe solid-
solution photocatalysts [49]. These observations suggest that modest
selenium incorporation benefits photocatalysis, whereas higher levels
exert an adverse influence.

To rationalize the photocatalytic process, kinetic studies were per-
formed within the framework of the Langmuir-Hinshelwood (L-H)
model [50,51], which describes surface-mediated reactions influenced

(@
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Fig. 5. Optical characterization of CdS; xSeyx alloys with various S/Se compositions: (A) UV-Vis absorption spectra of CdS;xSex samples measured in absorption
mode (powder dispersions), (B) derived optical bandgap comparison, and (C) photoluminescence emission spectra.
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Fig. 6. Evaluation of visible-light-driven photocatalytic behaviour: (A) degradation performance, (B) reaction kinetics, (C) apparent quantum yield (AQY), and (D)

electrical energy per order (EE/O) values of CdS; ,Sex with varying x.

by adsorption equilibria. The reaction rate (r, mgL~! min™!) can be
written as:
dC _ kKC

" T4 1+KC

Here, k, denotes the intrinsic rate constant ((mgL~! min'), K is the
adsorption equilibrium constant (L mg~!), and C is the pollutant con-
centration. Under dilute conditions (KC<1), the denominator ap-
proaches unity, and the equation simplifies to:
dc

r=— a ~ k,KC
where k = kK represents the apparent pseudo-first-order rate constant.
Integration yields: In(Co /C) = kt [52]. Plots of In(Cy /C) versus irradi-
ation time displayed excellent linearity, validating pseudo-first-order
behavior. The extracted rate constants are summarized in Fig. 6B. CdS
nanorods showed a rate constant of 0.027 min~!, whereas CdSo.sSeq.2
achieved the highest value (0.030 min~1). For higher Se contents, the
activity declined, consistent with the DE trend.

Since photon flux directly governs carrier generation, the apparent
quantum yield (AQY) was determined as an efficiency metric. The AQY
is expressed as [53]:

__Molecule degraded

AQY = 100 %
Q Incident photon X °

The number of incident photons was estimated from the total irra-
diation energy divided by the photon energy corresponding to the alloy
band gap. Upon illumination, excitons formed within CdSSe dissociate
into electrons and holes, which subsequently participate in redox re-
actions. Although white light was employed, only photons overlapping

with the material's absorption edge contribute to excitation, implying
that the reported AQY values underestimate the intrinsic efficiency. As
shown in Fig. 6C, CdS exhibited the highest AQY, while the incorpora-
tion of Se reduced photon utilization. Nevertheless, CdSy.gSeq.2 achieved
the second-highest AQY among the CdSSe series.

For practical implementation, the energy cost of photocatalysis is
crucial. Energy efficiency was assessed using the electrical energy per
order (EE/O), which quantifies the energy (kWh) required to achieve a
90% reduction in pollutant concentration in one cubic meter of solution
and was calculated from the slope of log(Co /C) vs. Illumination dose
(Fig. S3B, in SI), as [54,55]:

EE _ Ilumination dose
0 log(Co/C)

where the illumination dose is given by:

P xtx1000
B v

Here, P is lamp power (kW), t irradiation time (h), and V the treated
volume (L). The variation of EE/O with alloy composition is presented in
Fig. 6D. CdSp.gSep.2 displayed the lowest EE/O, confirming its superior
energy efficiency, while alloys with higher Se fractions exhibited pro-
gressively larger values.

The outstanding photocatalytic activity of CdSy sSeo 2 arises from its
optimally tuned electronic structure. Incorporating ~20% selenium into
the CdS lattice slightly narrows the band gap, extending the absorption
edge into the visible-light region and thereby enhancing light harvesting
efficiency. At the same time, this modest substitution introduces bene-
ficial lattice perturbations that promote efficient separation and
migration of photogenerated electron-hole pairs, effectively

Humination dose (k Wh m™2)
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suppressing recombination. As a result, more charge carriers are avail-
able to drive surface redox reactions, leading to significantly higher
photocatalytic performance. In contrast, alloys with greater selenium
content exhibit excessive band-gap narrowing and a shift in band-edge
positions that weakens the redox potential. Moreover, increased struc-
tural disorder at higher Se concentrations introduces recombination
centers, which counteract photocatalytic efficiency. Thus, CdSp sSeo.2
represents the optimum balance between light absorption, charge sep-
aration, and redox driving force, explaining its superior activity
compared to both CdS and higher Se-substituted alloys.

The CdSygSep.» catalyst demonstrates excellent operational dura-
bility, retaining close to ninety percent of its photocatalytic performance
after five consecutive runs. To examine whether repeated irradiation
and reuse induced any structural modifications, X-ray diffraction pro-
files were collected for the CdSygSep2 sample following the cycling
experiments, and is shown in Fig. S4, in SI. The post-reaction diffraction
pattern closely matches that of the initial CdSggSep o, showing no
meaningful shifts in peak position or intensity. This consistency con-
firms that the CdSe maintains its crystalline framework and phase sta-
bility during repeated photocatalytic operation, highlighting its
suitability for long term environmental applications.

While the microstructural analysis identifies CdSg.¢Seg 4 having the
highest crystallinity, the superior photocatalytic performance of
Cdo.gSep.2 can be understood by prioritizing electronic structure and
charge carrier dynamics over long-range crystalline perfection. The
incorporation of 20% selenium creates mild lattice strain and pertur-
bations, as seen in its slightly reduced crystallite size and increased
microstrain compared to x = 0.4. However, this level of disorder is not
detrimental; instead, it is beneficial. These lattice imperfections act as
productive sites that facilitate the crucial separation of photogenerated
electron-hole pairs, effectively suppressing their recombination.

Furthermore, this composition provides an optimal electronic bal-
ance by narrowing the band gap enough to enhance visible light ab-
sorption compared to CdS, while still maintaining favorable band edge
positions. In contrast, alloys with higher selenium content such as x =
0.8 show a shift in band edges that reduces the redox potential.

Therefore, although CdSy.¢Seq.4 sample is structurally superior but
electronically and catalytically “passive”. The CdSp.2Sep.s sample is
structurally too defective, creating excessive recombination centers that
hinder the catalytic performance. The CdSy.gSep o2 sample, however,
occupies a functional optimum. It possesses sufficient crystalline order
to allow for charge migration, while the intentional, moderate lattice
disorder introduced by Se doping optimally promotes charge separation,
making it the most functionally effective photocatalyst.

Interestingly, while the AQY was found to be the highest for CdS, the
overall degradation efficiency, rate constant, and EE/O values reached
their optimum at the CdSgSep o composition, exhibiting the highest
photocatalytic activity and the lowest energy consumption. This
apparent discrepancy arises from the fundamental difference between
photon-to-reaction conversion efficiency and total light harvesting. CdS,
owing to its wider band gap, absorbs a relatively narrow portion of the
visible spectrum; however, the absorbed photons are utilized very effi-
ciently in redox reactions, resulting in a superior AQY. In contrast, the
incorporation of Se into the CdS lattice narrows the band gap and red-
shifts the absorption edge, enabling CdSy sSep 2 to harvest a substan-
tially larger fraction of the visible spectrum. Although the per-photon
efficiency of this alloyed composition is slightly lower due to
increased nonradiative recombination and defect-mediated losses, the
much higher number of absorbed photons leads to a greater total gen-
eration of reactive species, thereby enhancing the overall degradation
performance. Thus, CdSg gSeg. 2 achieves the best balance between light
absorption and charge utilization, making it the most effective photo-
catalyst composition despite not exhibiting the highest AQY.

In summary, although pure CdS exhibits the highest AQY on a per-
photon basis (measured here as an incident-photon AQY at the sam-
ple's absorption edge), CdSpgSepo delivers the highest overall
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degradation efficiency and apparent rate constant under white-light
illumination and consequently the lowest EE/O. This outcome reflects
an optimal trade-off in CdSy gSe( 2 between broadened light harvesting
and sufficiently strong redox potential and charge separation.

Norfloxacin degradation in aqueous media is known to proceed
predominantly through oxidative pathways, as widely reported in
earlier studies [56,57]. To gain mechanistic insight into the photo-
catalytic process over CdS.gSeq.2, a series of radical scavenging exper-
iments was conducted to identify the dominant reactive species
involved. EDTA-Na, was introduced as a hole (h*) scavenger, IPA was
used to suppress hydroxyl radicals (OH'), and nitrogen purging was
employed to inhibit superoxide radical (0;") formation by removing
dissolved oxygen from the reaction medium [58-60].

The evolution of normalized norfloxacin absorption peaks in the
presence of different scavengers was systematically monitored. The
comparisons of photocatalytic degradation efficiencies and apparent
rate constant under each condition is summarized in SI as Fig. SS5A and
Fig. S5B, respectively. The addition of EDTA-Nay led to a substantial
decline in photocatalytic performance, limiting the degradation effi-
ciency to approximately 14%, which underscores the dominant role of
photogenerated holes in initiating norfloxacin oxidation. In contrast, the
presence of nitrogen atmosphere and IPA resulted in moderate sup-
pression effects, with degradation efficiencies of about 20% and 35%,
respectively, indicating that hydroxyl and superoxide radicals also
participate in the degradation process, albeit to a lesser extent.

The photocatalytic degradation of norfloxacin under visible-light
irradiation over CdSSe is proposed to proceed through a synergistic
oxidative pathway involving multiple reactive species. Upon visible-
light excitation (hv), CdSSe generates electron-hole pairs (e~ /h™).
The photogenerated electrons can interact with dissolved molecular
oxygen (O>) to form superoxide radicals (O; "), which may subsequently
undergo proton-coupled reactions to yield hydroperoxyl radicals (HO,)
and hydrogen peroxide (H203). The latter can further participate in
reduction reactions, producing highly reactive hydroxyl radicals (OH),
thereby enhancing the oxidative environment. Simultaneously, photo-
generated h' are capable of oxidizing surface-adsorbed water or hy-
droxide species to generate additional OH" radicals.

Consistent with the scavenger experiments, photogenerated holes
play a dominant role in initiating norfloxacin oxidation, while super-
oxide and hydroxyl radicals act as auxiliary reactive species contributing
to molecular breakdown. These reactive oxygen species collectively
attack the norfloxacin molecule, leading to progressive structural
decomposition into degraded products under visible-light illumination.
A schematic illustration of the pathway for reactive species generation
and the associated photocatalytic degradation of norfloxacin is provided
in Fig. S6 in SI.

4. Conclusion

In summary, we have demonstrated a solution-based approach for
preparing composition controlled CdS; xSex nanorods and established
clear links among alloy composition, structural evolution and electronic
response. X-ray diffraction confirmed the formation of homogeneous
wurtzite solid solutions with continuous lattice expansion that follows
Vegard type behavior. Microstructural analysis revealed pronounced
anisotropic crystallite development, with the [002] direction showing
larger crystallite size, lower dislocation density and reduced microstrain
relative to the [100] direction, providing new insight into directional
growth in II-VI alloy nanostructures. Optical measurements showed a
predictable redshift in bandgap with increasing selenium content,
enabling a direct correlation between composition, lattice perturbation
and optical transition energy. The optimized composition displayed an
improved visible light response, which translated into enhanced pho-
tocatalytic degradation of norfloxacin, demonstrating the functional
relevance of controlled alloying.
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Overall, these results advance the understanding of substitutional
alloy formation and anisotropic crystal growth in CdSSe nanorods and
highlight the effectiveness of compositional engineering in tuning
structural quality, electronic transitions and light driven functionality.
The insights gained here provide a useful framework for designing so-
lution processable semiconductor nanomaterials for optoelectronic and
environmental applications.
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