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Cobalt-doped cadmium sulphide nanoparticles of semiconductors (CDs: Co NPs) were 
synthesised using various cobalt concentrations utilising a microwave-assisted approach. 
Debye-Scherer equation revealed the nanoparticles' size range to be between 2 and 4 nm. 
Diffraction from X-rays revealed a zinc mix structure. According to the structure in the 
optical bandgap energies indicates that, doping has systematically raised the bandgap 
energy as the doping concentration raises. The composition of the nanoparticles which was 
verified by EDAX, validated the effective integration of cobalt into the CdS structure. The 
detection of different functional and vibrational groups was performed at room 
temperature over a 400-4000 cm1 range using Fourier Transform Infrared Spectroscopy 
(FTIR). Comprehensive structural data including shape of nanoparticles and lattice 
characteristics were provided by HRTEM. Cobalt-doped cadmium Sulphide (CdS: Co) is a 
feasible material for optoelectronic sensors, due to its improved light response capabilities 
and configurable bandgap.The present research intends to optimize the structural and 
optoelectronic characteristics of CdS: Co through controlled doping and fabrication 
processes to create customized bandgap and to design sensors for appropriate use in a 
variety of spectrum areas. 
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1. Introduction 
 
The distinct size, space, and structure of semiconductor materials result in a variety 

physical, chemical, optical, electro-catalytic, and structural features that give rise to a wide range 
of applications [1]. Cadmium sulphide (CdS) nanoparticles (NPs) were prepared chemically, and 
their morphology and optical uniqueness were investigated using X-ray diffraction (XRD), atomic 
force microscopy (AFM), UV-VIS spectroscopy, and electrical data [2]. Cadmium sulphide is 
indeed a significant compound semiconductor, and its versatile properties make it a valuable 
material in various, such as drug administration, molecular pathology, photovoltaic cells, bio-
sensing, bio-imaging techniques, nanomedicines, and bio-molecular detection. Cadmium 
sulphide's broad band gap, high photosensitivity, and photoconductivity are the key properties that 
make it so adaptable to a wide range of applications [3-6]. When certain transition metals such as 
Cr, Co, Mn, or Fe are introduced into semiconductor materials like II-VI quantum dots (e.g., CdSe, 
ZnS, CdS), they impart magnetic properties to the semiconductor without significantly altering the 
material's electronic structure. These particles show unique characteristics owing to the interaction 
between the host semiconductor lattice and the transition metal ions' spin-induced magnetic 
moments. [7–12]. Cadmium sulfide (CDs) is a semiconductor with excellent wavelength 
absorption capabilities in the spectrum of visible light. At room temperature, its direct band gap is 
2.42 eV. Consequently, cadmium sulphide is at presently used in a diversity of photonic devices; 
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include light-emitting diodes, lasers, photovoltaics, and photodetectors [13–15]. Cadmium 
sulphide is therefore modified to fulfil the needs of the application. Incorporating semiconductor 
nanoparticles of compounds II–VI has increased significantly in current years in a several of fields, 
such as environmental cleaning, sensors, petrochemical industries, agriculture, biochemical 
applications, the medical field, electronics, purification/water distillation, and electrochemical 
industries [16–19].The preparatory materials for cadmium sulfide and cobalt were carefully mixed 
to produce the Co-doped CdS-sensitive solution. This examined the modifications made to the Co-
doped CdS solution by the dopants. For various purposes, Microwave-assisted synthesis is a 
accepted and successful method for producing CdS and additional II-VI semiconductor 
nanoparticles, together with quantum dots. Cobalt is doped into CdS or additional II-VI 
semiconductor materials; it considerably influences the material's optical, magnetic, 
morphological, and structural uniqueness [20–23]. The exceptional chemical and electrical 
features of semiconductor quantum dots with a few nanometres in diameter indicate potential 
applications in luminescence, electronics, nonlinear optics, and optoelectronics, among various 
other fields. Co-doped CdS NPs are also used to produce films that are then utilized in light 
detectors and optoelectronic devices. [24] A basic hydrothermal technique was used to create a 
hetero-phase cobalt sulphide-absorbing substance with a petal-like shell structure. Controlling the 
reaction temperature allowed for the cobalt sulphide sample to get the best possible microwave 
absorption capacity. The material demonstrates better-quality microwave inclusion properties, with 
a reflection loss of -48.4 dB at 16.8 GHz and a 4.3 GHz absorption bandwidth, making it 
extremely efficient for microwave shielding and stealth applications. This corresponds to a modest 
1.5 mm density. The sample's ability to absorb microwave radiation is negatively impacted by the 
decrease in specific surface area, and cobalt sulphide's petal-like surface structure over time 
vanishes as the reaction temperature increases.[25] The magnetic and optical characteristics of 
CdS can be modified for a range of cutting-edge uses in optoelectronics, magneto-optical devices, 
biosensors, and photocatalysis by doping the material with cobalt. Because of their unique 
characteristics, CdS: Co nanoparticles represent a potential possibility for next-generation 
technology in a variety of industries[26,27].  

 
 
2. Experimental 
 
Distilled water was used for all sample preparations and dilutions. The synthesisprocess 

was carried out using the analytical-grade chemical reagents exactly as they were supplied, 
without any additional purification. The precursors were sodium sulphide (Na₂S·xH₂O), cadmium 
acetate (CH₃COO) ₂ Cd·H₂O and cobalt chloride (CoCl₂·xH₂O). Before being used, the glassware 
was dried after being properly cleansed with acid to get rid of any contaminants. 

 
2.1.Synthesis of cobalt doped cadmium sulphide nanoparticles 
The preparation of Cobalt-doped CdS nanoparticles in an aqueous medium involves a 

careful Stoichiometry mixture of the starting materials, followed by precipitation and doping of 
cobalt into the cadmium sulphide structure. Here's a more detailed breakdown of the process, 
including the use of sodium sulphide and cadmium acetate to create pure CdS nanoparticles, 
followed by cobalt doping: 

 
(CH3COO)2 Cd + Na2S →    2(CH3Coo Na)2 + CdS 
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Fig. 1. Structure of CdS. 
 

 
Next, we'll make solutions with 5% cobalt by dissolving the specified amountof 

CoCl₂·2H₂O in distilled water. Then, we'll mix cadmium acetate solution with the appropriate 
amount of CoCl₂·2H₂O solution and stir the mix at up to 1000 rpm until it's evenly blended. 
Slowly, we'll add sodium sulphide solution to the mix, and as the solution turns yellowish orange, 
it indicates the formation of cobalt-doped CdS nanoparticles. The solution will be microwave 
irradiated for a precise amount of time and relaxed for a certain amount of time, creating a duty 
cycle of, t1/(t1+t2) where one full cycle was created by irradiating the solution for 20 seconds and 
then relaxing it for the next 60. After 15 cycles, the resulting yellowish colloidal solution was 
collected. The resulting solution obtained after the microwave process will be filtered using filter 
paper, which will then be kept in the oven for 20 hours, thus obtaining the required nanoparticles. 
To investigate into the characteristics of cobalt-mixed CdS nanoparticles, we'll employ UV-visible 
spectroscopy to record absorption spectra between 200-800 nm. We will investigate the structural 
characteristics of both undoped and doped CdS nanoparticles using XRD analysis. Further insight 
into the synthesized transition metal-doped CdS nanoparticles will be gained using FTIR spectra 
between 400-4000 cm⁻¹. CdS nanoparticles, renowned for their optical properties, find application 
in bio-labs for tissue and cell labelling. The fluorescence properties, pivotal for biomarker 
investigation, will be investigated with UV-visible spectroscopy. Notably, the band-gap of CdS: 
Co will be determined utilizing the Brus equation, and a Truss plot will be generated for a 
comprehensive analysis of the produced nanoparticles with pure CdS and various dopants. 

  
  
3. Result and discussion 
  
3.1. X-ray diffraction (XRD) 
The physical characteristics of the cobalt-doped CdS nanoparticles as they were formed 

have been investigated using XRD analysis. This technique, which is used for phase identification, 
provides dimensions for individual cells. In order to identify unknown crystalline minerals, the X-
ray method is also employed. It is possible to identify the main peaks of the Co-doped CdS 
nanoparticles at 2θ = 26.5°, 44.5°, and 51.9°, which characterize the (1 1 1), (2 2 0), and (3 1 1) 
planes, accordingly. The X-ray diffraction analysis of Co-doped CdS nanoparticles yielded an 
intriguing pattern: When compared to pure CdS, the diffraction peaks of cobalt-doped CdS are 
observed to move to lower 2θ values This change offers crucial information concerning the 
structural impacts of cobalt doping in the CdS lattice. 



472 
 

20 30 40 50 60 70

 

Int
en

sit
y(a

.u)

Degree(2θ)

 
 

Pure CdS 

CdS:Co(1%) 

CdS:Co(5%) 

 

 

CdS:Co(7%) 

 
 

Fig. 2. XRD Analysis of Pure CdS, CdS: Co (1%,5%, 7%). 
 

 

In a doped material, the incorporation of a dopant ion into the host crystal structure 
produces peak shifting and lattice expansion. The host metal ion's and the dopant ion's different 
ionic radii are the cause of these modifications. The crystal lattice is generally distorted when Co²⁺ 
ions replace Cd²⁺ ions in the CdS lattice or even occupy interstitial places within the CdS structure 
due to their smaller size. Increase the lattice parameters and induce a local strain in the crystal by 
substitution doping, which involves replacing the Cd2+ ions at the normal lattice locations.  

 

 
Table 1. XRD analysis calculations. 

 
 

Compound  Pea
ks 

2-theta 
(deg) 

Interplan
ar 

spacing 
'd' (ang) 

FWHM 
(rad) 

Lattice 
Constan

t 'a' 
(ang) 

Volume 
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unitcell 
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Macrostr
ain 

Crystallit
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(nm) 

Dislo
catio

n 
densi

ty 

Average 
Crystallite 
Size (nm) 

CdS (Pure) 111 26.68 3.36 0.06 5.82 197.24 0.016 2.11 0.222 2.29 

220 44.16 2.05 0.06 3.55 44.81 0.015 2.49 0.161 

311 52.32 1.74 0.06 3.02 27.77 0.016 2.27 0.193 

CdS: Co 
(1%) 

111 26.54 3.35 0.04 5.80 195.93 0.012 2.87 0.120 3.34 
220 43.98 2.06 0.04 3.57 45.65 0.011 3.15 0.100 
311 51.72 1.76 0.03 3.05 28.46 0.008 4.01 0.061 

CdS: Co 
(5%) 

111 26.54 3.35 0.04 5.80 195.94 0.011 2.91 0.117 3.51 

220 43.86 2.05 0.04 3.56 45.38 0.009 3.54 0.079 

311 51.92 1.76 0.03 3.05 28.45 0.008 4.09 0.059 
CdS: Co 
(7%)  

111 26.52 3.35 0.04 5.81 197.00 0.011 3.07 0.106 3.77 
220 44.04 2.05 0.04 3.56 45.40 0.009 3.69 0.073 

311 51.9 1.76 0.03 3.05 28.51 0.007 4.55 0.048 
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The increase in lattice constraints and the development in the CdS the unit cell volume and 
the increase in unit cell volume of Cadmium Sulphide upon doping with Co2+ ions indicate that 
Co2+ ions are substituting or intercalating into the crystal structure, hence modifying the 
material’s overall structural and physical properties. The material’s band structure is affected by 
the lattice expansion, due to which two optical characteristics arise namely absorption spectra and 
band gap energy. Particularly at high dopant concentrations, the optical absorbance can be 
changed, which can impact the quantum confinement effects in the nanoparticles and possibly 
adjust their behaviour for particular uses in areas like photocatalysis or luminescence. When Co2⁺ 
is added to the CdS lattice, it may cause local strain and flaws that significantly affect the 
nanoparticles' mechanical and electrical characteristics. 

 
3.2. FTIR spectroscopy 
FTIR is an effective method for identifying functional groups and molecular vibrations 

through inspection at their characteristic absorption bands. The spectra recorded from 400 to 4000 
cm⁻¹ for cobalt-doped CdS nanoparticles provide valuable information about the functional and 
vibrational groups present in the sample The weak absorption band between 3400 and 3600 cm⁻¹ 
in the FTIR spectrum is indeed characteristic of O-H stretching vibrations. This band is typically 
attributed to water molecules present in the sample The FTIR spectrum absorption peak between 
2800 and 2900 cm⁻¹ is typically attributed to C-H stretching vibrations. which most likely result 
from organic pollutants utilized in the nanoparticle manufacturing process, like organic reagents or 
surfactants. They may originate from stabilizers or organic solvents that stop the nanoparticles 
from clustering. The FTIR spectrum moderate and faint signal at 1550 cm⁻¹ is indeed accredited to 
the H-O-H bending vibrations of water molecules. The medium-strong band in the 1000–1150 
cm⁻¹ range could indeed be attributed to the stretching vibration of the sulphate group. 
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Fig. 3. FTIR Analysis of Pure CdS, CdS: Co (1%, 5%, 7%). 
  
 
3.3. UV-visible spectroscopy 
The optical properties were investigated using a UV-visible spectrophotometer operated at 

room temperature and operating in the wavelength range of 200 nm to 800 nm was used. To 
analyse the optical characteristics of the synthesized Co (1%, 5%, and 7%) doped CdS 
nanoparticles, the optical absorption spectra and obtained band gaps are crucial in understanding 
how doping affects the electronic structure and optical behaviour of the material in Fig.4 The 
produced nanoparticles' optical bandgap was calculated using the Tauc equation. The optical band-
gap of the Cobalt-doped CdS nanoparticles with various doping concentrations can be computed. 
The optical band gap of Co-doped CdS nanoparticles with varying doping concentrations (1%, 
5%, and 7%) also increases. The optical band gap at these concentrations is found to be (2.54 eV, 
2.71 eV, 3.02 eV) respectively. [28] This pattern is in keeping with the known behaviour of 
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semiconductor nanoparticles, which is referred to as the quantum size effect, in which the band 
gap tends to widen as the particle size grows. The quantum size effect is the phenomenon wherein 
a nanoparticle's band gap increases as its size decreases, generally between 10 and 100 nm. This is 
a result of the fact that the energy difference between the conduction and valence bands increases 
as nanoparticles get smaller due to the more noticeable electron confinement. In materials with a 
direct band gap, such as CdS, this effect is particularly apparent. Compare the bulk CdS, the band-
gap of Cobalt-doped CdS nanoparticles is larger, indicating that the optical properties of the 
material are modified by both dopant incorporation and quantum size effects. The study assessed 
the improvement of the samples' optical absorption characteristics, observed into the 
microstructural makeup of the samples, and seen into the consequences of increasing the amounts 
of cobalt doping. 
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Fig. 4. (a) CdS: Co (1%) (b) CdS: Co (5%) (c) CdS: Co (7%). 

 
 
3.4. EDAX analysis 
Specialized techniques are usually needed to realize the properties of materials that don't 

follow typical or consistent structures, like X-ray diffraction, X-ray absorption fine structure, 
small-angle X-ray scattering (XAFS), X-ray photoelectron spectroscopy (XPS). These methods 
help scientists look closely at the surface or nearby areas of these special materials. The combined 
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technique of Energy-dispersive X-ray analysis with scanning electron microscopy is a powerful 
method for characterizing the fundamental composition of materials, specifically at the 
microscopic level. Think of SEM as taking pictures of the material with electron beams passing 
through it during the EDX analysis. This helps create maps of the elements present. Now, let's 
focus on Co-doped CdS nanoparticles. Using EDX, pictures were taken of the surface, showing 
the shape and structure of the nanoparticles (surface morphology). The EDX spectra, like a 
fingerprint, displays the elemental composition of the sample. In simple terms, the results of the 
EDX study obviously tell us that there were balanced quantities of Cd, Co, and S in the 
synthesized samples. So, these techniques helped us understand what's in these special materials 
and how they are put together. Cobalt was successfully absorbed into the cadmium sulphide matrix 
by the doping procedure, as indicated by the EDX spectra, which offered comprehensive evidence 
of the elemental composition of the nanoparticles. This uniform distribution of elements is 
essential to comprehending how doping affects the material's electrical structure and possible uses. 

 
 

 
(a)                                                                      (b) 

 
(c) 

 
Fig. 5. (a) CdS: Co (1%) (b) CdS: Co (5%) (c) CdS: Co (7%). 

 
 
The spectra obtained through EDAX for Co-doped Cadmium Sulphide nanoparticles at 

different concentrations (1%, 5%, and 7%) in the preceding figures confirm the absence of any 
additional contaminants or impurities in the samples. The findings undeniably show that with 
increasing concentrations of Co, the intensity of the Co peaks noticeably increases. 

 



476 
 

 
(a)                                                                                  (b) 

 
(c) 

 
Fig. 6. (a) CdS: Co(1%) (b) CdS: Co(5%) (c) CdS: Co(7%). 

 
 

Table. 2.Ezafe smart quant results. 
  

Element Weight % Atomic % Net 
Int. 

Error % K 
ratio 

CdS: Co 
(1%) 

O K 10.56 34.31 30.99 16.47 0.015 
S K 20.76 32.65 404.35 4.6 0.1947 
Cdl 68.03 31.46 514.27 3.09 0.5909 
CoK 0.65 0.58 3.59 60.45 0.0065 

CdS: Co 
(5%) 

O K 9.29 31.13 20.46 17.69 0.0132 
S K 20.83 34.81 314.37 4.7 0.1954 
Cdl 68.16 32.5 387.34 3.22 0.5932 
CoK 1.72 1.56 7.09 49.21 0.0172 

CdS: Co 
(7%) 

O K 8.64 29.32 28.1 16.81 0.0123 
S K 21.15 35.8 456.47 4.54 0.1984 
Cdl 67.96 32.81 569.93 2.94 0.5911 
CoK 2.25 2.07 13.71 30.5 0.0225 

 
 
3.5. HRTEM 
TEM is one of the most effective tools for examining the crystalline structure and quality 

of nanoparticles at the atomic or near-atomic size. The structure and size of the developed Co-
doped CdS nanoparticles (5% and 7%) were investigated using TEM. Also, Cobalt-doped CdS 
nanoparticles are recognized for their unique properties and their irregular spherical shape when 
produced by microwave-assisted synthesis. A smooth surface for the obtained cobalt-doped CdS 
nanoparticles is an outstanding characteristic. The nanoparticles exhibited a consistent size 
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distribution with minimal particle size variation, indicating that they were monodispersed. The 
material's consistent behaviour and performance in applications depend on its homogeneity. 

 
 

 
(a) 

 
(b) 

 
Fig. 7. (a) CdS: Co:5% (b)CdS: Co:7%. 

 
 
3.6.SEM analysis 
The surface morphology of nanoparticles can be examined using an effective technique 

known as scanning electron microscopy (SEM), which can disclose characteristics that optical 
imaging frequently cannot. SEM offers precise pictures of a material's fine structure, providing 
information about the particles size, shape, and distribution. SEM investigation of Co-doped CdS 
nanoparticles at different concentrations (1%, 5% and 7%) revealed that though the particles are 
spherical in shape, they have a tendency to cluster together. This implies that there could possibly 
be some particle aggregation occurring. A typical SEM picture of the CdS nanoparticles that were 
co-doped is shown in Fig. 9. where nano-cluster formation is clearly visible. These clusters most 
likely originated from interactions between particles during the synthesis process.As the 
concentration of Co doping rises, the degree of aggregation diminishes, and the individual 
particles start to take on a more spherical form. This suggests that greater quantities of cobalt 
might aid in reducing the clustering effect, producing more homogeneous, well-defined 
nanoparticles. This is an important finding due to the fact that it signifies the surface 
characteristics and particle size distribution are impacted by cobalt doping. 
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(a)                                                                                 (b) 

 
(c) 

 
Fig. 8. SEM image (a) CdS: Co (1%) (b) CdS: Co (5%) (c) CdS: Co (7%). 

  
 
4. Conclusion 
 
The solvothermal performance with microwave assistance for configuring cobalt-doped 

cadmium sulphide (CdS: Co) nanoparticles with doping concentration Co (1%, 5%, and 7%) 
controlled size and shape.For pure CdS, the XRD peaks specified at 2θ = 26.52°, 44.16°, and 51.9° 
are characteristic of the material's most common crystal structure, the hexagonal wurtzite phase of 
CdSand they correlate with the (111), (220), and (311) planes, then samples are crystallized in the 
cubic structure.In contrast to the typical size reduction trends in doping, the trend indicates an 
increase in nanoparticle size in higher Co doping levels. This is indicative of Co incorporation 
causing changes in crystallinity or particle aggregation.Observed that decrease in nanoparticle size 
as the Co concentration increases due to the substitution of Co²⁺ ions for Cd²⁺ ions in the crystal 
lattice of CdS. The lattice constant decreases with increasing the concentration of Co-doped CdS 
shown by the difference in the ionic radii of Cd2+ (0.98 Å) and Co2+ (0.72 Å).The O–H stretching 
of absorbed water on the surface of CdS is the cause of peak at 3646 cm-1 in the higher energy 
region of the 400–4000 cm–1 FTIR spectra.  

The presence of water is verified by bending vibration confirms. The size of the produced 
nanoparticles was verified by using HRTEM. Additionally, it also verified the samplesare 
nanocrystalline structure. They determine the average size of1%, 5% and 7% of Co doped CdS 
randomly selected nanoparticles is calculated. Cobalt doping at various concentrations provides a 
substantial impact on the lattice parameters and particle size, providing critical data on the 
material's structural properties. The temperature increases, the electrical conductivity of CdS and 
Co-doped CdS nanoparticles is increase. Their high surface area and nanocrystalline structure 
increase the nanoparticles' potential for a variety of uses in optoelectronics, photocatalysis, and 
create customized bandgap, to design optical sensorsfor appropriate use in a variety of spectrum 
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areas by optimizing the physical and optoelectronic characteristics of CdS: Co through controlled 
doping and fabrication processes  
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