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This study reports the structural, optical, photocatalytic and luminescence properties of monodispersed cadmium sulphide nanoparticles (CdS
NPs) synthesised via an eco-friendly green synthesis approach using Moringa oleifera leaf extract as a natural stabilizing and capping
agent. Cadmium nitrate, cadmium sulphate and cadmium chloride are used as cadmium precursors, while sodium sulphide served as the
sulphur source. X-ray diffraction (XRD) analysis confirmed the formation of cubic-phase CdS NPs with high crystalline nature. The
optical properties are evaluated through UV-Vis absorption spectroscopy, revealing a band gap energy range of 3.08 to 4.92 eV. FTIR
confirmed the presence of functional groups responsible for stabilisation of CdS NPs. The morphological characteristics, elemental
composition and purity are assessed using FESEM and EDS. Small-angle X-ray scattering (SAXS) and transmission electron microscopy
(TEM) determined the nanoparticle size to be below 5 nm, confirming their nanoscale dimensions. Photoluminescence (PL) spectra
indicate strong emission properties, enhancing their potential use in optoelectronic applications. The photocatalytic activity of CdS NPs
is evaluated by degrading methylene blue (MB) and rhodamine B (RhB) dyes under visible light irradiation, demonstrating their efficiency
in environmental remediation and wastewater treatment. The results highlight the superior optical, structural and catalytic performance
of M. oleifera-capped CdS NPs, making them promising candidates for advanced nanomaterial applications in solar cells, photocatalysis
and biomedical fields.
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INTRODUCTION

Nanomaterial synthesis is broadly divided into conven-
tional and green approaches. Conventional methods include
chemical precipitation and reduction, co-precipitation, chemical
bath deposition, hydrothermal and solvothermal techniques,
photochemical processes, ultrasonic irradiation, microwave
heating and laser ablation [1-8]. Among these, hydrothermal
synthesis enables controlled crystal growth under high temp-
erature and pressure, often employing organic solvents and
additives such as thioglycerol, triethanolamine, thiophenol and
polymeric stabilizers as templates, capping or passivating agents,
though their environmental impact remains a concern.

The second category, green synthesis, adheres to the prin-
ciples of green chemistry and utilizes microorganisms and plant

extracts, which are abundantly available. Nanoparticles (NPs)
synthesised via traditional methods exhibit advantages such as
high scalability [9], controlled morphology and particle size
[10], applications in electrical and electronic devices [11],
targeted drug delivery [12] and energy storage [13,14]. How-
ever, these methods also have significant drawbacks, including
the use of toxic organic solvents, high energy consumption and
extreme reaction conditions, leading to environmental hazard-
ness [15,16]. Due to these concerns, traditional methods are
increasingly being replaced by green synthesis approaches.
With rising environmental concerns, researchers are focusing
on sustainable green synthesis techniques.

Cadmium sulphide (CdS), a 11-VI direct bandgap semi-
conductor with a bulk bandgap of 2.42 eV at room tempera-
ture, crystallizes in orthorhombic, hexagonal and cubic forms.
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Its wide bandgap makes CdS suitable for optoelectronic
devices including LEDs, photodetectors, photovoltaics, photo-
catalysts, and heterojunction solar cells [17-23]. Green syn-
thesis of CdS NPs offers eco-friendly advantages such as anti-
microbial activity, enhanced stability and biocompatibility.
The biomolecules and synthesis parameters govern nanoparticle
size and morphology, while plant-derived waste like onion or
banana peels can serve as natural capping agents [24-27]. In
this study, Moringa oleifera leaf extract was employed as a
reducing and stabilizing agent, leveraging its phenolic-rich
composition. The synthesized CdS NPs were systematically
characterized for structural, optical and functional properties,
alongside their photocatalytic and photoluminescent perfor-
mance.

EXPERIMENTAL

The chemicals and solvents used for the synthesis of
cadmium sulphide nanoparticles (CdS NPs) were of analy-
tical grade and used as such. Cadmium chloride monohydrate
(CdCl,-H20) and L-ascorbic acid (C¢HsOs) were procured from
Central Drug House (P) Ltd., India, while cadmium nitrate
tetrahydrate (Cd(NOs3)2-4H,0) and cadmium sulphate octa-
hydrate (CdSO4-8H20) were obtained from FINAR, India.
Sodium sulphide hydrate flakes (NazS-H.O) were purchased
from HiMedia Laboratories Pvt. Ltd., India. Millipore water
was used during the synthesis process and deionized water
was used for washing to ensure high-purity samples.

Synthesis of CdS NPs: CdS NPs were synthesized using
a green synthesis approach in which Moringa oleifera leaf
extract served as a reducing and stabilizing agent, following
a modified literature procedure [28]. A 0.1 M Na,S-H,0 solu-
tion was added to the prepared plant extract gradually under
vigorous stirring. Separately, 0.1 M cadmium salt solutions
were prepared using CdCl,-H,0 (1.8331 g), Cd(NOs3),-4H,0
(2.36 g) and CdSO4-8H,0 (2.0847 g) in 100 mL Milli-Q water.
Each cadmium solution was added slowly to the sulphide
extract mixture under continuous stirring, producing a yellow-
orange colouration indicating CdS NPs formation. The reac-
tion mixture was maintained at pH 6-11 and stirred at 60 °C for
4 h to complete nanoparticle formation. The resulting precipi-
tate was washed with methanol, centrifuged and dried to obtain
yellow CdS NPs powder.

Characterisation: The green synthesized CdS NPs were
characterized using multiple analytical techniques. The crystal
structure and phase composition were examined by X-ray
diffraction (XRD) using a PHILIPS PW1830 generator diff-
ractometer with CuKa radiation (A = 1.54056 A) operating at
40 kV and 25 mA. The optical properties were analyzed by
UV-Visible spectroscopy (Spectris 2092) over the 190-1100 nm
wavelength range. Fourier transform infrared spectroscopy
(FTIR) was performed using a Shimadzu FTIR-8400S spectro-
meter to identify surface functional groups. The surface morph-
ology and particle-size distribution were studied by scanning
electron microscopy (SEM) using a ZEISS Special Edition18
instrument, while small-angle X-ray scattering (SAXS) (Xeuss
Dual Energy Mo-Cr system, Xenocs, France) was used to deter-
mine nanoparticle size distribution. Transmission electron
microscopy (TEM) (Philips CM-20, 200 kV) was employed

to confirm morphology and average particle size and photo-
luminescence (PL) spectroscopy (Jobin Yvon Fluorolog-3-
11 spectrofluorometer) was used to investigate the emission
properties of the CdS NPs.

Photocatalytic activity: The photocatalytic activity of
the as-prepared CdS NPs was evaluated using methylene blue
(MB) and rhodamine B (RhB) as model dyes. For each experi-
ment, 0.05 g of CdS NPs was dispersed in 100 mL aqueous
dye solution, ultrasonicated for 10 min and stirred in dark for
1 h to establish adsorption-desorption equilibrium. The sus-
pension was then exposed to solar irradiation under conti-
nuous stirring and 2 mL solution was collected at regular
intervals for analysis. The degradation of MB and RhB was
monitored by recording the decrease in their characteristic
absorption peaks using UV-visible spectroscopy, which was
used to evaluate the photocatalytic efficiency of the CdS NPs.

RESULTS AND DISCUSSION

Structural characterisation: The structural properties
of CdS NPs synthesized using M. oleifera leaf extract as a
surfactant were examined by XRD technique (Fig. 1a-c). The
diffraction peaks observed at 20 values of 26.55° 44.01°,
51.62° and 71.46° correspond to the (111), (220), (311) and
(420) planes of cubic CdS, respectively [29]. The (111)
reflection showed the highest intensity indicating the superior
crystal orientation along this plane. A weak additional peak at
26 values of 32.38° (Fig. 1c) was assigned to the (102) plane
of CdSO, (JCPDS No. 86-1558), suggesting the presence of
a minor residual CdSO4 salt. The average crystallite sizes of
CdS NPs synthesized using cadmium chloride, cadmium
nitrate and cadmium sulphate precursors were estimated to
be 3 nm, 2 nm, and 2 nm, respectively. The lattice constant
was calculated from the XRD data using egn. 1:

a=d,, xJ(N +k? +1%) 1)

where ‘a’ represents the lattice constant; ‘d’ is interplanar
spacing; and (hkl) are the Miller indices of the crystal planes.
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Fig. 1. XRD spectra of M. oleifera leaf extract synthesised CdS NPs from

different cadmium salts such as (a) cadmium chloride, (b) cadmium
nitrate and (c) cadmium sulphate
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The calculated lattice constant in this case is 5.8313 A, which
is almost similar to the previously reported value of 5.8304 A
[14].

The diffraction pattern in Fig. 1c indicates the presence of
both nanocrystalline and coarse CdS phases, while samples
synthesized from cadmium nitrate (Fig. 1b) and cadmium
chloride show predominantly nanocrystalline CdS formation.

Surface morphology: The SEM images of M. oleifera
leaf extract mediated CdS NPs synthesized using cadmium
chloride, cadmium nitrate and cadmium sulphate are shown
in Fig. 2a-c. The SEM micrographs reveal agglomerated CdS
NPs with distinct morphologies depending on the precursor
salt. The sample prepared using cadmium chloride (Fig. 2a)
exhibits a rod-like morphology with inclined orientation, while
cadmium nitrate-derived sample (Fig. 2b) shows a flower-like
structure formed by dense aggregation of crystallites. The
cadmium sulphate-derived sample (Fig. 2¢) displays a spher-
ical morphology with visible agglomeration, which is likely
due to the cluster growth of nanocrystallites [29].

39 keV

1.3 26
SEM images (a-c) as well as EDS spectra (d-f) of M. oleifera leaves
surfactant capped CdS NPs synthesized from (a, d) cadmium chloride,
(b, €) cadmium nitrate and (c, f) cadmium sulphate

Fig. 2.

The corresponding EDS spectra (Fig. 2d-f) confirm the
formation of CdS NPs, along with oxygen, sodium and chlorine,
indicating the involvement of phytochemical constituents
from the M. oleifera leaf extract in nanoparticle stabilization
[30,31]. The presence of chlorine may also be attributed to

residual byproducts formed during the synthesis. The average
particle sizes estimated from SEM analysis were 2.56 nm,
3.83 nmand 1.42 nm for CdS NPs synthesized using cadmium
chloride, cadmium nitrate and cadmium sulphate, respectively.

Further structural confirmation was obtained from TEM
and SAED analysis (Fig. 3a-c). TEM images show well-disp-
ersed nanoscale CdS particles and the particle size distribu-
tion histograms indicate average sizes of 2.12 nm, 2.48 nm
and 2.73 nm for CdS NPs synthesized from cadmium chloride,
cadmium nitrate and cadmium sulphate, respectively. The
SAED patterns confirm the cubic crystalline structure of CdS,
consistent with XRD and SAXS results.
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Fig. 3. TEM micrographs and nanoparticle size distribution histograms of
M. oleifera leaf extract-capped CdS NPs synthesised from different
cadmium precursors (a) cadmium chloride, (b) cadmium nitrate and

(c) cadmium sulphate

SAXS studies: The microstructural characteristics of M.
oleifera leaf extract mediated CdS NPs were investigated using
small-angle X-ray scattering (SAXS). The SAXS intensity
profiles and corresponding volume distribution curves for
CdS NPs synthesized from cadmium chloride, cadmium
nitrate and cadmium sulphate precursors are shown in Fig. 4.
The scattering profiles exhibit high intensity in the Porod
region (g > 1 nm?), with intensity decay consistent with smooth
nanoparticle surfaces [32].

SAXS results indicate a narrow particle-size distribution
across all samples. The average particle sizes were estimated
to be approximately 3.4 nm, 4.8 nm and 4.3 nm for CdS NPs
synthesized from cadmium chloride, cadmium nitrate and
cadmium sulphate, respectively. These values are in good
agreement with XRD and TEM observations, confirming the
nanoscale size and relatively uniform dispersion of the CdS
NPs [33]. The results also suggest that phytochemical com-
ponents in M. oleifera leaf extract contribute to nanoparticle



654 Goud et al.

Asian J. Chem.

10

Moringa oleifera
10°f @ =

—A— b

—x—c
107"

Intensity (cm ™)
=

10°
107
10-5 lll 1 1 1 llllll 1 1 1
78 2 3 4 5678 2 3 4
0.01 0.1
-1
q(A)

1.2x10° F

Moringa oleifera

Vol. dist. (a.u.)

2 3 4 56789 2 3 4
10 100

Diameters (A)

Fig. 4. SAXS patterns and volume distribution curves of M. oleifera leaf extract mediated CdS NPs using (a) cadmium chloride, (b) cadmium

nitrate and (c) cadmium sulphate

stabilization, promoting controlled nucleation and growth
during synthesis [30,31].

FTIR studies: Fig. 5a-c show the FTIR spectra of M.
oleifera leaf extract mediated CdS NPs synthesized using
cadmium chloride, cadmium nitrate and cadmium sulphate,
while Fig. 5d represents the spectrum of the leaf extract. A
broad band around 3451 cm™ is assigned to O—H stretching
vibrations, indicating hydroxyl-containing functional groups.
The band near 2361 cm corresponds to C—H stretching vibra-
tions, while the peak at approximately 1639 cm is associ-
ated with carbonyl stretching vibrations of protein-related
functional groups [34]. Additional peaks observed at 1468,
1382, 1275, 1094 and 595 cm™ correspond to CH3/CH ben-
ding in proteins, C-CH bending, C-O stretching and Cd-S
stretching vibrations, respectively [35,36]. The presence of these
functional groups suggests the involvement of phytochemical
constituents from the M. oleifera extract in stabilizing the
nanoparticles, while the band near 595 cm™ confirms the
formation of CdS NPs.

UV-Visible absorption studies: Fig. 6a-c show the UV-
visible absorption spectra of CdS NPs synthesized using
cadmium chloride, cadmium nitrate and cadmium sulphate
precursors. The primary absorption peaks observed at appro-
ximately 263 nm, 232 nm and 267 nm, respectively, are
characteristic of excitonic transitions in semiconductor CdS
NPs and indicate the presence of phytochemical stabilizing
agents from M. oleifera leaf extract [37]. Secondary absorp-
tion bands appearing at 451 nm (Fig. 6a), 459 nm (Fig. 6b),
and 442 nm (Fig. 6¢) are attributed to electronic transitions
influenced by particle-size variation, reflecting quantum con-
finement effects associated with nanoscale CdS particles.

Band gap energy determination: The optical band gap
energy of CdS NPs was estimated from Tauc plots (Fig. 6d-f)
by extrapolating the linear portion of the absorption curve to
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FTIR spectra of M. oleifera leaf extract mediated CdS NPs using
different cadmium salts such as (a) cadmium chloride, (b) cadmium
nitrate and (c) cadmium sulphate

Fig. 5.

the energy axis. The calculated band gap values were appro-
ximately 4.07-5.08 eV for CdS synthesized from cadmium
chloride, 4.70 eV for cadmium nitrate-derived CdS and 3.56 eV
for cadmium sulphate-derived CdS. These values are signifi-
cantly higher than the reported band gap of bulk CdS (2.42 eV)
[38], indicating a blue shift in the absorption edge due to
quantum confinement effects.

The increased band gap values confirm the size-depen-
dent optical behaviour of nanoscale CdS particles, consistent
with the excitonic absorption features observed in Fig. 6a-c.
Together, the absorption spectra and Tauc plot analysis demon-
strate the influence of particle size and synthesis conditions
on the optical properties of CdS NPs.
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Fig. 6. UV-Vis absorption spectra and Tauc’s plot of M. oleifera leaf extract-mediated CdS NPs using different cadmium precursors, (a, d)
cadmium chloride, (b, €) cadmium nitrate and (c, f) cadmium sulphate

Catalytic studies: The photocatalytic performance of M.
oleifera leaf extract mediated CdS NPs was evaluated through
the degradation of methylene blue (MB) and rhodamine B
(RhB) under ambient visible-light irradiation for 180 min. The
degradation efficiency of MB dye reached 67%, 49% and 43%
for CdS NPs synthesized from cadmium chloride, cadmium
nitrate and cadmium sulphate precursors, respectively (Fig.
Ta-c). The maximum absorption peak in Fig. 7a shifted from
664 nmto 611 nm, corresponding to a blue shift of 53 nm after
120 min (including 60 min in dark and 60 min under visible-
light irradiation). This shift indicates photocatalytic degrada-
tion of MB and the formation of intermediate decomposition
products. Among these, CdS NPs prepared from the cadmium
chloride precursor exhibited the highest photocatalytic acti-
vity, exhibiting approximately 39% higher degradation effici-
ency compared with unstabilized CdS NPs, indicating the
beneficial role of M. oleifera phytochemicals in nanoparticle
stabilization and photocatalytic enhancement.

The photocatalytic degradation of RhB dye was moni-
tored by recording the decrease in the characteristic absorp-
tion peak at 554 nm over time (Fig. 8a-c). A rapid reduction
in dye concentration within 120 min was observed for CdS
NPs synthesized using the cadmium chloride precursor, while
gradual degradation behaviour was observed for nanoparticles
derived from cadmium nitrate and cadmium sulphate precur-
sors. The normalized concentration plot (Fig. 8d) confirms the
degradation trend in the presence of the photocatalyst. After
180 min, RhB degradation efficiencies of approximately 45%,

42% and 39% were obtained for CdS NPs synthesised from
cadmium chloride, cadmium nitrate and cadmium sulphate
precursors, respectively. A minor improvement (3%) in RhB
degradation was observed for M. oleifera mediated CdS NPs
synthesized from the cadmium nitrate precursor compared
with unstabilized CdS.

Photoluminescence (PL) studies: Fig. 9a-c shows the
PL spectra of M. oleifera mediated CdS NPs synthesized using
cadmium chloride, cadmium nitrate and cadmium sulphate
precursors, with excitation at 320 nm. A strong and narrow
emission peak at approximately 491 nm (Fig. 9c¢) is attributed
to band-edge luminescence of CdS NPs. In contrast, broader
and lower-intensity emission peaks around 514 nm are obser-
ved for CdS NPs synthesized from cadmium nitrate and
cadmium sulphate, while a weak emission near 509 nm appears
for CdS NPs derived from cadmium chloride. These emis-
sions in the 509-514 nm region are associated with defect
related luminescence arising from sulphur vacancies, while the
variation in emission intensity reflects particle-size dependent
quantum confinement effects. The Stokes-shifted lumines-
cence observed in larger CdS clusters can be attributed to mid-
bandgap states indicating increased Franck-Condon displace-
ment in the excited state. As nanoparticle size decreases, the
bandgap widens and surface defect states become more ace-
ssible, leading to enhanced luminescence behaviour [39].
Furthermore, reduced PL intensity near the band-edge region
may result from the surface trapping states acting as non-
radiative recombination centers [40].
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