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This work used a sonication-aided approach to make Cadmium sulfide nanoparticles and 
Nitrogen-doped CdS nanoparticles. Doping Nitrogen into CdS NPs enhances the material's 
electrical, chemical, and structural properties by altering its surface area and functional 
sites. XRD, FTIR, SEM/EDX, TGA, UV-Vis, and PSA are used to evaluate the 
characteristic features of CdS NPs. The photovoltaic responses of the prepared CdS and 
CdS-N NPs were evaluated by electrochemical impedance and IV analysis. The obtained 
XRD data confirms that nitrogen doping significantly changes the crystal size of CdS NPs. 
The XPS spectrum depicts the presence of trace elements and confirms the nitrogen 
doping with CdS. The absorption spectra and band gap values derived from UV data 
demonstrate that nitrogen doping improves the optical characteristics of CdS NPs in the 
long run. CdS thin film photoanodes show improved photoresponse, even at such low bias 
voltages, according to the electrical characterisations. 
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1. Introduction 
 
In the last few decades, researchers have focused on semiconductor nanocrystals' electrical 

and structural features. The size-dependent optical characteristic in the zone where the nanocrystal 
is smaller than the bulk excitons drive the continued interest in this material class. Quantum 
confinement of the charge carriers produces a blue shift of the absorption onset of up to 1 eV and 
the emergence of distinct characteristics in the optical spectra as the nanocrystal size decreases [1, 
2]. Nanoparticles (NPs), semiconductor nanomaterials, have been extensively explored for their 
future optoelectronic applications [3, 4]. Due to their distinct and unique characteristics, such as 
excellent light-harvesting capacity, enormous surface area, variable optical and electrical 
characteristics, and exceptional photostability, semiconductor nanoparticles (NPs) have recently 
become the most advanced nanostructured materials for photocatalytic applications. NPs band 
gaps vary depending on nanocrystal size, allowing for variations in absorption rates even when 
employing the same absorber material [5, 6]. This property is beneficial for increasing the light 
absorption range of quantum dot semiconductor nanostructures [7]. In particular, NPs may absorb 
several photons simultaneously, even after electrons and holes have accumulated, indicating that 
they could be used in the highly functional photon-to-electron conversion [8]. 

Furthermore, by doping, plating, combining with shells, or capping with functional 
groups, the physiochemical characteristics of NPs can be easily modified [9-11]. Impurity doping 
is a practical approach for changing semiconductors' electrical and physicochemical properties. 
Impurity concentrations underneath the conduction band (CB) have been discovered in metal 
dopants, which behave as photo-induced electron entrapment sites. The CdS nanoparticles (NPs) 
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are a popular form of II-IV nanomaterial that plays a significant role in core-shell NPs due to their 
significant bandgap energy [12]. As the synthesis of discrete and enhanced high-quality NPs has 
progressed, CdS NPs have a more significant potential [13]. CdS nanoparticles are also a 
predominant material for applications in biology, gas sensors, and solar cells [14-17]. 

 In the present work, two samples were prepared. The first sample is cadmium sulfide 
nanoparticles (CdS) prepared using a sonication-aided technique, while the second sample is 
cadmium sulfide nanoparticles with nitrogen doping (CdS-N). Doping Nitrogen in CdS NPs is to 
progress the material's electrical, chemical, and structural characteristics by modifying its surface 
area and functional sites [18-20]. As per the literature survey, urea's structural, morphological and 
optical properties could be highly enhanced as nitrogen doping sources compared with other 
sources like ammonia, melamine, glycine, etc., [20]. XRD, SEM, and FTIR were used to examine 
the prepared samples' morphological and structural properties. The example's optical properties 
were concentrated on utilising UV and PL. The photovoltaic responses of the prepared CdS and 
CdS-N NPs are evaluated in the form of CdS thin films as photoanodes. 

 
 
2. Experimental 
 
2.1. Materials 
Cadmium chloride, Sodium Sulphide Flakes, citric acid, and Urea were purchased from 

Merck. Apart from these materials, double distilled water and Whatman No. 1 filter papers were 
used to prepare CdS and nitrogen-doped CdS NPs.  

 
2.2. Method 
0.001 M of Cadmium chloride solution, 0.002 M of citric acid, and 0.001 M Sodium 

Sulphide Flakes solutions were prepared separately. Drop by drop, citric acid was added to the 
cadmium chloride solution, which was then agitated for 30 minutes to create a homogeneous 
solution. After that, sodium sulfite solution was added to the above solution, which resulted in a 
yellow colour solution that indicates the CdS formation and the final solution was stirred for 4 
hours to enhance the reaction. The above mixture was stimulated using a magnetic stirrer for 24 h 
at room temperature and sonicated for 60 mins. The obtained orange-yellow CdS was centrifuged, 
rinsed with DDW, and then dried for 4 hours at 110 °C. Hereafter, the collected sample will be 
named CdS. To synthesise the N-doped CdS, 1M of Urea powders was added to the cadmium 
chloride and sodium sulfate solution, and the other procedures were the same as like CdS synthesis 
procedure. The Nitrogen-doped CdS sample is called CdS-N NPs.  

 
2.3. Preparation of CdS and CdS-N thin films for IV measurements 
We measured the IV using a Newport solar simulator (model 91160) with an AM 1.5 G 

spectrum supply and a Keithley 2400 source meter. As anodes, DSSC cells utilised CdS-N thin 
films. Furthermore, the CdS and CdS-N NPs were all weighed independently, trailed by the 
expansion of Acetyl (CH3)2CO and two drops of Criton X-100, and the blend was consistently 
joined with a mortar until slurry was framed. Scotch Magic tape was used to cut a 1 cm2 window 
that adhered to the conductive side of the ITO glass. A mixture of CdS and CdS-N NPs filled the 
ITO glass. At 150 degrees Celsius, this procedure takes about 60 minutes. After twelve hours of 
submerging the samples in Ruthenium N71 dye, we constructed the cell with an electrode coated 
in platinum and a liquid lithium iodide as the electrolyte. 

 
2.4. Characterisation of CdS and CdS-N nanoparticles 
XRD instrument (Rigaku Ultima IV) was used to assess the phases of CdS and CdS-N. 

FullProf analytical software was used to perform Rietveld analysis on the prepared samples. A 
Fourier transform infrared spectroscopy (FTIR) (Spectrum 100; PerkinElmer, USA) was used to 
investigate the functional groups. The thermal longevity of the samples is investigated using a 
Thermogravimetric analyser (Perkin – Elmer STA 5000). X-ray photoelectron spectroscopy (XPS) 
analyses were performed using a K-Alpha Thermo Scientific spectrometer to confirm the doping 
and presence of Cd, S and N. Using a particle size analyser (Shimadzu ZT 1700), the average 
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particle size was investigated. The absorbance of the prepared samples is measured using UV-Vis 
spectroscopy (Shimadzu, UV-2700i) 

 
 
3. Results and discussion 
3.1. Structural analysis 
Figure 1 illustrates the XRD results of CdS NPs. The prominent peaks are 24.810, 26.520, 

28.200, 36.650, 43.660, 48.010, and 51.830. The peaks mentioned above line up with the crystal 
plane (100), (002), (101), (102), (110), (103), and (112), respectively. The detected peaks correlate 
with the JCPDS Card number 41-1049 and index to a hexagonal crystal structure with space group 
P63mc (186) [21]. The more substantial peaks clearly show that the produced samples have high 
crystallinity. The results showed fewer noises, indicating that the samples prepared were impurity-
free.  

 

 
 

Fig. 1 XRD analysis of CdS and CdS-N NPs. 
 
 
The crystal size was calculated using the debye Scherer equation and tabulated in Table 1 

[17, 18]. The calculated mean crystal size of prepared CdS and CdS-N is 12.65 nm and 13.22 nm, 
respectively. 
 

Table 1. Mean crystal size obtained from XRD data of CdS and CdS-N NPs. 
 

(hkl) FWHM (degree) 2 θ (degrees) Crystal size (nm) 
CdS CdS-N CdS CdS-N 

(100) 0.6602 0.4684 24.96 12.31 14.31 
(002) 0.6353 0.6022 26.64 12.84 13.55 
(101) 0.6453 0.6691 28.04 12.68 12.24 
(102) 0.6691 0.6691 43.80 12.78 12.79 

Average crystal size 12.65 13.22 
 

 
The resulting CdS samples were refined using the Pseudo Voigt function [22, 23]. The 

revised graphs of CdS and CdS-N are presented in Figure 2. Where the sample's estimated crystal 
structure and other corrected data are shown in Table 2. The R factors discovered in the refinement 
data match previously found [24]. 
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Fig. 2. Rietveld refinements of CdS and CdS-N NPs. 
 
 

Table 2. Refined parameters of CdS and CdS-N NPs. 
 

Space group: P63mc (186) (Hexagonal) 
Sample a =b (Å) c (Å) Volume (Å) Rp Rwp Rexp χ2 

CdS 4.135 6.71 99.49 10.6 13.5 9.94 1.8 
CdS-N 4.140 6.746 100.13 11.5 14.8 9.93 2.21 

 
 
3.2. Thermal stability analysis 
Figure 3 depicts the investigation of the thermal stability of CdS NPs. The initial step of 

decomposition of a CdS sample results in a 13.5 % weight loss at temperatures ranging from 800 
to 4500 C, wherein absorbed water molecules and other physically associated molecules are 
disintegrated. In the range of 4700 - 7800 C, the second stage of decomposition occurs at 22.8 %, 
and the complete breakdown rate of produced CdS is 43.1 %. Similarly, 8.7% of weight loss 
happens between 80 and 450 ℃, and 11.3 % occurs between 470 and 780 0C, resulting in a total 
weight loss of 24 % in CdS-N NPs. The TGA results show that the significant nitrogen bond 
formation caused in the CdS-N sample leads to more excellent thermal stability than the undoped 
CdS sample [25]. 

 
 

 
 

Fig. 3. Thermo gravimetric analyses of CdS and CdS-N NPs. 
 
 
 
 



683 
 

3.3. Functional analysis 
The functional analysis of CdS NPs is represented in Figure 4(a) and (b), respectively. The 

peak obtained at 3405 cm-1 falls under the wavelength range of 3500-3000 cm-1, which may occur 
due to the stretching vibration of O-H and H-O-H bonds [26]. This is due to the moisture 
absorption of the sample or KBr. Sharp peaks in the region 3000-3250 cm-1 represent the bond 
stretching of γ-Cd (OH)2 [27]. The sharp peaks observed in the region of 1643 and 1406 cm-1 
wavelength are owing to the stretching of C=O and C-H bonds. The peaks observed in the 670 to 
720 cm-1 represent the CdS stretching [28]. Eventually, we obtained a sharp peak at 679 cm-1 
resulting in the bond stretching of CdS. In Figure 3, the CdS-N NPs FTIR spectrum (b) attains a 
peak at 1046 cm-1, resulting in the stretching of the doped Nitrogen compound as a C-N bond [29].   

 
 

 
 

Fig. 4. FTIR spectra of CdS and CdS-N NPs. 
 
 
3.4. Particle size analysis 
The mean particle size of the samples is displayed in Figure 5. The obtained mean particle 

size of CdS NPs are 16.7 nm (d50) and 18.65 nm (d50), respectively. The size of CdS ranges from 5 
nm (d10) to 40 nm (d90). Similarly, for CdS-N, the particle size ranges from 6 nm (d10) to 45 nm 
(d90). As a result of the particle sizes achieved for CdS and CdS-N, the prepared sample is 
obviously in the nanoscale. When comparing the particle sizes of the two samples, the particle size 
of CdS-N seems to be significantly larger owing to nitrogen doping [30]. 

 
 

 
 

Fig. 5. Average particle size distributions of CdS and CdS-N NPs. 
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3.5. Morphological analysis 
The SEM images of CdS are shown in Figure 6. For CdS nanoparticles, the samples 

demonstrate layered planar sheet growth. In addition, the particles looked like a regular and 
uniform shape. As observed in SEM pictures, the average particle size of the CdS and CdS-N 
nanoparticles is petite, as validated by XRD and particle size analyses. The EDX analysis of CdS-
N samples was performed to verify the Nitrogen content and composition of CdS and CdS-N 
samples. EDX spectra of CdS and CdS-N are shown in Figures 3 (b and d). A table of the 
elemental distributions of the prepared samples is shown in the inset. The prepared CdS and CdS-
N samples show uniform distributions. It can be seen from the EDX spectra that not only are Cd, 
S, and N present in the CdS-N matrix but they are distributed uniformly within its matrix.  

 
 

 

 
 

Fig. 6. SEM images and EDAX spectra of CdS and CdS-N NPs. 
 
 
Figure 7 depicts the outcomes, which include the CdS and CdS-N nanoparticle SAED and 

HRTEM patterns. The low-magnification CdS and CdS-N nanoparticles indicate that the samples 
with the SAED in Figure 7(b) and (d) are agglomerated nanoparticles. According to the d-values of 
the diffraction rings in both samples, which are consistent with the results of XRD analyses, the 
cubic modification is the predominant one in both CdS and CdS-N nanoparticles. The samples are 
vastly different from one another. In addition to the diffuse rings, the CdS-N nanoparticles' SAED 
pattern contains more reflection dots, indicating the presence of nanoparticles slightly more 
prominent than those smaller than them. CdS nanoparticles, on the other hand, have diffuse 
diffraction rings that show that they are made up of tiny nanoparticles with an average size of 
nearly 10 nm. Consequently, the HRTEM and SAED patterns made it abundantly clear that the 
addition of nitrogen ions to CdS nanoparticles ought to result in modifications to their size and 
morphology. 
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3.6. XPS analysis 
Fig. 8 displays the XPS analysis findings. According to XPS analyses, traces of the 

reactants, including carbon and oxygen from organic compounds that might be absorbed in the 
surface of the fine powders during processing, were found in the processed CdS-N nanoparticles. 
The XPS survey spectrum is shown in Fig. 8, and it contains peaks from Cd, S, O, and N. The XPS 
spectra of Cd 3d having peaks at 401 and 408 eV, which correspond to Cd 3d3/2 and Cd 3d5/2, 
respectively, are shown in Fig. 7(b). The peaks at 156.5 and 157.8 eV in the S 2p XPS spectra 
shown in Fig. 8(c) correspond to S 2p3/2 and S 2p1/2, respectively. The CdS-N nanoparticles' 
surface material oxidises from exposure to air and the presence of surface impurities, which causes 
photo-corrosion of the surface material. The peaks of O 1s and C 1s at 281.5 and 529.15 eV, 
respectively, are probably caused by contaminants that have been adsorbed. Figure 8 (d) shows the 
N 1s region's XPS spectrum. The interstitial nitrogen bound to the lattice oxygen was attributed to 
the peak positions of N 1s at 401.21 and 408.51 eV. Last but not least, it shows that the 
nitrogenisation of the samples was successful. 

 

 

 
 

Fig. 7. HRTEM images (a and c) and SAED patterns (c and d) of CdS and CdS-N nanoparticles. 
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Fig. 8. XPS spectra of the CdS-N nanoparticles, (a) Survey scan, (b) Cd 3d, (c) S 2P, (d) N 1S. 
 
 
3.7. Optical analysis 
The UV-Vis absorption spectra of the prepared sample are illustrated in Figure 9a. CdS 

and CdS-N absorption spectra exhibit a wide shoulder with a trace toward higher wavelengths. 
Undoped CdS has a sharp peak in the 280-300 nm region, whereas CdS-N has a broader sharp 
peak in the 300-320 nm range. As a result, the absorption range of CdS-N is in the higher 
wavelength range. Figure 9(b) shows the transmittance percent of the prepared samples, which 
shows that transmittance rises linearly with wavelength. As seen in the transmittance graph, the 
sample's optical transmittance is eventually induced by nitrogen doping [31, 32].  
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Fig. 9. a) Absorption spectra obtained from UV-Vis b) Transmittance spectra c) Direct bandgap calculated 
using Tauc plot d) Indirect bandgap obtained using Tauc plot of CdS and CdS-N NPs. 

 
 
The direct and indirect band gaps of synthesised samples are displayed in Figures 9c and 

7d, respectively. The bandgap of the material is calculated using the Tauc equation [33]. The 
quantum confinement phenomenon, connected to particle size, is responsible for the blue shift 
absorption spectra discovered. Due to the quantum confinement effect, a nanoparticle's bandgap 
increases as the particle's size decreases, causing absorption spectra to shift to a lower wavelength 
[34]. CdS has a direct bandgap of 2.85 eV, while CdS-N has 2.78 eV. The indirect bandgap of CdS 
and CdS-N are 2.76 and 2.66 eV, respectively. According to the obtained bandgap, nitrogen doping 
spans a broad frequency range, resulting in a smaller bandgap [35]. 

 
 

 
 

Fig. 10. PL Spectra of CdS and CdS-N NPs. 
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Figure 10 shows the standardised PL spectra of the CdS nanoparticles excited at 382 nm. It 
shows that pure and Nitrogen-doped CdS NPs exhibit a strong PL peak at about 400 nm. Also, PL 
peaks can be observed shifting towards lower wavelength. The excitons transitions could be 
responsible for the 398 and 400 nm PL peak. Doping the Nitrogen to CdS NPs favours this 
tendency [36-38]. 

 
3.8. Electrochemical studies 
In Figure 11, you can see the Nyquist plots of CdS and CdS-N thin films. There are 

semicircles in both of them near the high-frequency region. The arc indicates how much resistance 
the electrode has to transfer charge. The high Rct of thin film electrodes made from CdS is more 
remarkable than those made from CdS-N; this indicates that the sensitising CdS-N significantly 
improves the charge transfer characteristics of the photoanode/electrolyte interface. However, the 
diameter of the semicircle of the CdS-N thin film is larger than the diameter of the CdS thin film 
sample, which indicates that sensitising CdS-N thin film can prolong charge carriers' lifetimes, 
incorporating this into a solar cell's durability and enhancing its power conversion efficiency [39-
43]. 

 
 

 
 

Fig. 11. Electrochemical impedance spectra of CdS and CdS-N thin films. 
 
 
3.9. Photocurrent voltage characteristics  
The photovoltaic characteristics parameters (Voc, Jsc, FF, and η) for CdS and CdS-N thin 

films are listed in Table 3. It is evident that the value of Jsc, Voc, and η rise as nitrogen is added to 
CdS NPs. This outcome may have been caused by the CdS-N thin films' highly rough and porous 
surface, which improved the optical absorption of the thin films [44]. Moreover, because of their 
excellent electrical conductivity, nitrogen ions could serve as bridges to speed up the transport of 
electrons from thin-film surfaces to the ITO plate electrode, potentially lowering electron-hole 
recombination rates. Further, nitrogen-doped CdS with a tiny structure can absorb more photons, 
creating an electronic transport tunnel and reducing the transmission path. S for photoanodes based 
on CdS-N thin films is more significant than that for photoanodes based on CdS thin films. This 
finding demonstrates that the incorporation of Nitrogen into CdS serves as a blocking layer to 
prevent back electron-hole recombination, increasing the effectiveness of energy conversion of 
photoanode. [45-49].  
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Fig. 12. Photocurrent-voltage characteristic plots of CdS and CdS-N thin films. 
 
 

Table 3. Photovoltaic parameters of CdS and CdS-N thin films. 
 

Sample Voc (V) Jsc 
(mA/Cm2) 

Voc ∗ 
Jsc Vmp (V) Jmp 

(mA/Cm2) 
Vmax ∗ 
Jmax 

Fill 
factor  

Efficiency 
η (%) 

CdS  0.560 0.60 0.341 0.438 0.609 0.2667 0.63 2.14 
CdS-N 0.579 0.61 0.353 0.418 0.610 0.2549 0.81 2.58 
 

4. Conclusion 
 
In conclusion, we have effectively synthesised CdS and CdS nanoparticles doped with 

nitrogen. Nitrogen doping impacted optical, morphological, and functional properties, which 
XRD, UV, FTIR, and SEM validated. The average particle size of CdS and CdS-N NPs are 16.7 
nm and 18.65 nm, respectively, indicating that nitrogen doping over CdS NPs resulted in a 
significant shift in average size. CdS-N NPs have a smaller optical bandgap than undoped CdS, 
implying that CdS-N has more robust optoelectrical capabilities. Thermo gravimetric analysis 
confirms that nitrogen doping in CdS-N has a more significant effect on lowering the sample 
deterioration. Overall, the evidence shows that nitrogen doping in CdS NPs significantly impacts 
optoelectronic characteristics and has multi-function applications. The current-voltage (I-V) 
characterisation of the prepared thin film photoanode shows that the prepared CdS and CdS-N 
samples are possible candidates for a solar cell device. The light energy conversion efficiency 
based on CdS and CdS-N thin film samples is 1.854 and 2.485, respectively. It shows that the 
prepared CdS thin film solar cell performances can be improved by doping the nitrogen with it.  
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