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Abstract
In the present work, CdS nanoparticles were synthesized and analyzed for use in fuel cell applications. The X-ray diffraction 
investigation showed that CdS possesses a cubic polycrystalline structure. For the (111) plane, the average values of mean 
crystallite size, microstrain, and dislocation density were calculated and found to be 1.935 nm, 0.0758, and 0.267  nm−2. 
The average crystallite size was additionally calculated and found to be 2.02 nm using the modified Scherrer’s plot. The 
observed blue shift in the photoluminescence of CdS is caused by the quantum size impact of the nanocrystalline structure. 
A broad emission band at 590 nm is produced by the recombination of a hole in the valence band of CdS with an electron 
confined in a sulfur vacancy. The average Cd/S ratio is good and comparable, according to the EDS analysis, which is close 
to the theoretical values and almost exactly fits the ideal structure. A thermogravimetry diagram was used to establish the 
thermal stability of CdS across a wide range of temperatures. Fuel cell application features peaks were investigated by the 
cyclic voltammetry of CdS under various conditions. The linear sweep voltammetry was used to analyze the electrochemical 
performance of CdS electrodes in fuel cells. Electrochemical impedance spectroscopy (EIS) was also used and the results 
confirmed that nickel substrate is regarded as being superior to stainless steel in terms of performance.

Keywords Nanoparticles · Fuel cell · Liner sweep voltammetry · Electrochemical impedance spectroscopy

Introduction

Nanoparticles of CdS have attracted a lot of attention due 
to their unique size-dependent chemical and physical prop-
erties. The production of different CdS nanostructures has 
been the subject of extensive study [1, 2]. Green oktite is the 

crystalline form of cadmium sulfide that is found in nature. 
The substance is commonly utilized in paint pigments as 
well as baked enamels, ceramics, and plastics. With good 
color retention and resilience to alkalis, it gives maroon a 
bright yellow tint [1]. In addition to having a direct band gap 
of 2.42 eV and great stability, CdS also possesses a compact 
crystallographic cell structure, minimal absorption loss, and 
electronic affinity.

The structural, optical, electrical, magnetic, and dielec-
tric properties of CdS make it a very fascinating material. 
Its optoelectronic and photoconductive properties make it 
an even more fascinating substance [3]. The two primary 
structural kinds of CdS are polytypes of wurtzite and zinc 
blende. The crystal structure of CdS is wurtzite-like and 
hexagonal. Cubic zinc blende structures are present in CdS 
nanocrystallites [4].

A significant increase in the binding energy occurs 
when the crystallite radius approaches or falls below the 
Bohr exciton radius, and this significant change at the 
nanoscale has drawn a lot of interest to nanocrystalline 
CdS in recent years. Due to its widespread application in 
devices like field effect transistors, light-emitting diodes, 
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photocatalysis, and biological sensors, CdS nanoparticles 
are by far the most studied system among all semi-con-
ducting nanoparticles. In addition, when exposed to light, 
CdS conductivity rises (leading to uses as photoresistors). 
Both phosphorescence and cathodoluminescence are com-
mon characteristics of CdS. A solid-state laser made of 
solid CdS is possible. Synthetic cadmium pigments are 
prized for their great opacity, excellent chemical resist-
ance, strong thermal stability, and light- and weather-fast-
ness. Sulfate-reducing bacteria naturally create cadmium 
sulfide, which is being studied as a possible method of 
manufacturing nanocrystalline cadmium sulfide. Cadmium 
sulfide is utilized in solar cells, photodetectors, lasers, and 
light-emitting diodes, among other devices. CdS nanopar-
ticles are promising candidates for optoelectronic applica-
tions. However, CdS is an unstable substance that readily 
transforms into other substances when heated in the air 
[4].

In order to understand how charge transfer and electroca-
talysis function in the generated nanoparticles, electrochemi-
cal techniques such as cyclic voltammetry and impedance 
spectroscopy are applied. This study claims that adding CdS 
nanoparticles to electrodes improves their properties com-
pared to bare electrodes. Furthermore, this study is required 
to confirm the beneficial uses of the produced CdS nano-
particles, particularly in the area of fuel cell applications.

In the current work, a potential synthesis of CdS 
nanostructures has been carried out employing thiourea 
(CS(NH2)2) as a source of sulfur ions  (S−2) and cadmium 
chloride (Cd(CH3COO)2 as a source of cadmium ions 
 (Cd+2). X-ray diffraction, high-resolution transmission 
electron microscopy techniques, and energy dispersive 
spectroscopy (EDS) were used in the thorough structural 
and compositional research. At various cyclic voltam-
metry electrochemical deposition scanning rates, distinct 
micromorphologies of electrode materials were observed. 
A cyclic voltammogram for steel and nickel materials with 
various saturated electrolytes and electrodes was considered. 
Using linear sweep voltammetry, the electrochemical per-
formance of CdS electrodes in fuel cells was evaluated. In 
addition, electrochemical impedance spectroscopy was also 
investigated.

Experimental methods

Synthesis of CdS

Using a well-mixed powder of Cd(CH3COO)2.2H2O and 
Thiourea that was acquired from Sigma Aldrich, a ball mill 
technique was used to create cadmium sulfides. In the fur-
nace, the mixture was heated to 200 °C for 2 h of sintering.

Structural characterizations

Scanning electron microscopy, using JEOL, JSM-6360 
LA- Japan was used for the investigation of the surface 
morphology and homogeneity of the prepared CdS sam-
ples. The energy dispersive X-ray (EDX), high-resolution 
transmission electron microscopy at an accelerating volt-
age of 200 kV (JEOL, TEM-2100 plus, Japan), and the 
microstructure of CdS were also investigated. The powder 
PL analysis was calculated using transmittance spectra and 
photoluminescence (PL) emission spectra. The particle 
size was assessed using a Particle Size Analyzer (PSA) 
(LS55 Luminescence Spectrometer, Perkin Elmer).

Electrode preparation and electrochemical 
measurements

A mix of 20 mg of fabricated cadmium sulfide (CdS) with 
10 mg graphite, 10 mg PVDF, and 2 ml (DMF) solution 
to prepare the ink was used. To prepare the electrode ink, 
the liquid was sonicated for 15 min at room temperature. 
After which, the surface of the (10 × 10 mm) stainless steel 
substrate was treated with a drop of the prepared ink, and 
the prepared electrodes were dried at 65 °C overnight.

Electrochemical calculations

Cyclic voltammetry measurements on CdS were carried 
out to investigate various electrochemical properties that 
were present. All investigations were conducted at room 
temperature using a working electrode with a 1  cm2 sur-
face area. By quantitatively looking into the relationship 
between ip and v, such as in the diffusion-controlled bat-
tery-behavior mode, we may determine the mode of trans-
port processes according to the anodic and cathodic peak 
current (ip (A)) scan rates (1 V/s). Thus, according to the 
following equation, in the case of the former, a diffusion-
controlled reaction, ip is proportional to  V1/2.

where ip, n, A, D, v, and C* represent the peak current (ip A), 
the number of electrons transferred, the area of the electrode 
(A,  cm2), the diffusion coefficient (D,  cm−1), the scan rate (v, 
V  s−1) and the bulk concentration of analyte (C*, mol  cm−3), 
respectively [5].

(1)ip =
(

2.69 × 10
5
)

n3∕2AD1∕2v1∕2C∗,
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Results and discussions

X‑ray diffraction analysis of CdS

Figure 1A depicts the XRD patterns of CdS nanoparticles. 
The great variety of unique sharp crystalline peaks that 
appear in each diffraction pattern attests to the manufactured 
samples’ polycrystalline character. The outcomes agree with 
the cubic CdS system reference pattern (JCPDS No. 00-042-
1411) [6]. The optimum orientations of CdS were deter-
mined to be (111), (220), (311), and (400). Low intensities 
and broad half-peaks characterize the extra peaks that the 
XRD scan may reveal. The cubic system of the CdS sample, 
which is nearly polycrystalline and nanocrystalline in nature, 
displays exceptional crystallinity.

Some important microstructural characteristics may be 
calculated using the right formulae by examining the XRD 
patterns. By analyzing the XRD patterns, certain signifi-
cant microstructural parameters may be computed using 
Scherrer’s formulae. The extended X-ray diffraction line is 
also influenced by important parameters including internal 
crystallite size, D, microstrain, and dislocation density, it 

has been highlighted [6–8]. The average values of D may 
be computed using the following equation [7, 8]:

where λ = 0.1542 nm is the Cu-Kα wavelength, K is a con-
stant, and β is the FWHM, and the microstrain, ε can be 
expressed as follows:

And the dislocation density can be obtained using the 
following:

The computational results for the mean crystallite size, 
D, the microstrain, and the dislocation density, are pre-
sented in Table 1 and Fig. 1b. The lower magnitude of 
the microstrain indicates that there are likely fewer lattice 
defects existent since the line diffraction width has most 
likely diminished [7].

The basis for the modified Scherrer formula is that, in 
order to achieve the average value of D through all of the 
desired orientation peaks, mistakes must be mathemati-
cally reduced using the least squares method [8]. It is pos-
sible to rewrite the basic Scherrer formula as follows:

Make a logarithm here on both sides.

If the results of ln against ln(1/cosθ) are given, a straight 
line with a slope of nearly one and an intercept of roughly 
lnβ/L must be drawn. The experimental straight line must 
have a 45° slope since tan 45 = 1, Fig. 1b. However, the 
least squares approach offers the best slope and the most 
accurate lnK/L since errors are connected to experimental 
data. The intercept is then computed, and a single value of 
D is determined to be 2.02 nm.

(2)D =
K�

� cos �
,

(3)� =
�

4 tan �
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Fig. 1  Plot of a The X-ray diffraction pattern, and b lnβ vs. ln (1/
cosθ) of CdS sample

Table 1  XRD parameters of CdS

Plane β D(nm) ε δ(nm−2)

(111) 0.071616 1.935 0.0758 0.267
(220) 0.070166 2.132 0.0436 0.220
(311) 0.07832 1.965 0.0402 0.259
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Particle size analysis

Using the N5 Submicron Particle Size Analyzer, it was pos-
sible to calculate the average particle size. On the dynamic 
light scattering theory, the investigation is built. The particle 
size was revealed to be between 5 nm and 5 µm. The detect-
ing system has different scattering angles, and the average 
particle size measured by low-angle scattering is found to 
be 65 nm, while the value obtained by higher-angle scat-
tering is determined to be 850 nm, as seen in Fig. 2. The 
low-angle scattering of CdS reveals the properties of nano-
structures that have several applications in a variety of fields. 
The utilization of nanoscale particles in artificial implant 
manufacturing systems is receiving a lot of attention. Both 
in vitro and in vivo qualities are influenced by the nanosized 
particles. In addition, these nanoparticles displayed excellent 

biocompatibility and biodegradability characteristics, sup-
porting the regeneration of bone and other uses[9].

Morphological characteristics of CdS

Using electron microscopy, the surface morphology of cad-
mium sulfide nanoparticles was studied. The surface mor-
phology of CdS sample surfaces as determined by SEM 
images of various magnifications is provided in Fig. 3a–d. 
The images display several inhomogeneous structures that 
are unequally distributed and dense. Every micrograph 
entirely covers the surfaces of CdS. The substance is highly 
dense, devoid of cracks, and commonly irregular in shape. 
The average grain size was discovered using image analysis 
tools. Following the completion of the grain size statisti-
cal distribution, Fig. 3e displays the grain size distribution 
through the surface. The major section of the grain size 
looks to be around 65 nm, or around the largest fraction of 
the grain size in nanometers. The surface roughness varia-
tion over the examined region of the produced CdS is shown 
in Fig. 3f. The figure also displays the relative height of the 
surface roughness, which was determined to be between 40 
and 50 nm. The samples’ estimated average particle sizes 
are bigger than the predicted crystallite size based on X-ray 
diffraction examination. This is because X-rays can only see 
the well-ordered portions of crystallites; they cannot see the 
disordered grain boundaries, which take up a significant 
amount of space, and there is a chance that multiple crystal-
lites could accumulate and form an aggregation of particles 
in the solution even after being exposed to ultrasonic waves 
[10].

Structural characteristics using HR‑TEM of CdS

Transmission electron microscopy images of CdS are shown 
in Fig. 4a–d, which clearly illustrate the crystalline features. 
The most conventional size of CdS nanoparticles, which are 
shown to be grouped together with extremely small particles 
in most places and various directions. Furthermore, there 
are not any surface pinholes. In accordance with those inter-
preted from XRD, the SAED pattern in Fig. 4e displays three 
diffraction rings that closely correspond to the (111), (220), 
(311), and (400) crystal planes of the cubic CdS. Figure 4f 
reveals the elemental composition of cadmium sulfide that 
was investigated using energy dispersive X-ray spectroscopy 
(EDS). The results of the compositional analysis by EDS 
are displayed in Table 2. The average Cd/S ratio is good 
and comparable to those described in the literature [11] in 
terms of both atomic and weight percentages, according to 
the EDS results, which demonstrate that Cd and S elements 
are present in the synthesized structure. The Cd/S atomic 
ratios in the samples are also 1/1.102, which is quite near 
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to the theoretical values and almost precisely fits the ideal 
structure [12].

Using high-resolution transmission electron microscopy, 
the crystalline structure and its identifying features of the 
CdS nanostructure may be provided (HR-TEM). The HR-
TEM picture of CdS nanoparticles at various magnifica-
tions is shown in Fig. 5a, b. The structure does not have a 

Fig. 3  a–d SEM analysis of CdS, e Grain size distribution, and f roughness pattern

Fig. 4  a–d TEM micrograph at different magnifications, e SAED of the prepared CdS, and f EDS diagram of the prepared CdS

Table 2  Elemental composition analysis of prepared CdS nanoparti-
cles

Element Peak area Area sigma K factor Weight% Atomic%

S K 46,248 420 0.959 20.56 47.57
Cd K 95,043 855 1.803 79.44 52.43
Totals 100% 100%
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particular crystalline shape; however, there are a few crys-
tal planes that may be examined under high-resolution set-
tings. Fourier-filtered images (Fig. 5c) show the preferred 
planes of CdS. The lattice fringe d-spacing measurements 
of 0.335 nm can be detected, and the corresponding Fast 
Fourier Transform (FFT) image is displayed in Fig. 5d, e 
that demonstrates the (111) crystal plane of the cubic CdS.

FT‑IR spectral analysis of CdS

The FTIR spectrum of a manufactured CdS, which ranged 
from 400 to 4000  cm−1, is depicted in Fig. 6. To detect 

functional groups in molecules and assess if synthesis 
occurred, FTIR analysis is a useful method. The spe-
cific bands in the spectrum that were shown to be around 
550   cm−1 match typical CdS vibration modes as con-
firmed by Ubale et al. [13]. The bands at around 1520 and 
1320  cm−1 are caused by the CH group's bending and the 
CS group’s stretching modes, respectively. At 1650  cm−1, 
the band resulting from the NH's bending was apparent. 
The adsorbed water molecule during synthesis is shown 
as a wide band by the band at 3331  cm−1 [14] and then the 
production of CdS nanocrystals is well supported by these 
observations [15].

Fig. 5  a, b HR-TEM micrograph of prepared CdS, c Fourier filtered image of the planes, d FFT spectrum of ZnS, e FFT image of CdS
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Photoluminescence characteristics of CdS

Figure 7 displays the PL spectra at a 350 nm excitation wave-
length. As already mentioned, the produced CdS exhibits a 
clearly blue-shifted beginning of emission in comparison to 
the bulk CdS particles. The quantum size effect of nanocrys-
talline CdS is responsible for the noticeable blue shift in 
these samples. The recombination of a hole in the valence 
band of CdS with an electron trapped in a sulfur vacancy 
results in a wide emission band at 590 nm, which is visible 
in the PL spectrum [16]. The findings are in line with those 
for CdS reported by Firooz et al. [16] and Chae et al. [17].

Thermogravimetric analysis (TGA) of CdS

Using TGA analysis, the thermal stability of the produced CdS 
sample was examined with heating from room temperature to 
1100 °C in a nitrogen atmosphere at a rate of 10 °C/min. The 
results are shown in Fig. 8. According to Fig. 8, the thermal 
degradation of CdS occurs in five phases, with the first stage 
occurring between 30 and 250 °C, the second between 250 
and 350 °C, the third between 350 and 650, the fourth between 
650 and 730, and the fifth between 730 and 970 °C. Losses of 
0.9214%, 2.225%, 5.730%, 11.790%, 8.13%, and 71.59% were 
discovered. The first weight loss at 61.66 °C was caused by 
loss of physisorbed moisture [18]. The CdS started to degrade 
at 639.75.09 °C, which caused a significant weight loss. This 
was followed by another loss of weight at 725.00 °C, and then 
another loss of weight owing to the structural breakdown of 
CdS at 962.09 °C. The findings supported the idea that CdS 
displays thermal stability for a variety of applications. The 
results are consistent with what has been published for CdS by 
Banizi and Seifi [19]. The results for thermal stability of the 
prepared CdS indicate high thermal stability compared with 

those published by Banizi and Seifi [19], Jassim et al. [20], 
and Smirnov et al. [21].

Cyclic voltammetry of CdS

A well-known method for measuring the electrochemically 
active surface area of a catalyst in an electrode through adsorp-
tion/desorption cycles is cyclic voltammetry. The cyclic vol-
tammogram for CdS electrodes in various saturated electro-
lytes is shown in Fig. 9a. The scan rate was set at 100 mV/s 
and the potential was modified from − 1 to 1 V. The anodic 
peaks for nickel material were obtained at 0.53 V and 0.25 V, 
respectively, for steel substance (Fig. 9b). The decrease in Cd 
behavior is shown by the cathodic peaks. Following is a repre-
sentation of the cathodic and anodic reactions [22, 23].

(7)Cd+2 + 2e− → Cd,

(8)Cd → Cd+2 + 2e−.
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Electrochemical impedance spectroscopy (EIS)

Because it is non-destructive and offers some helpful data 
regarding fuel cell performance, Electrochemical Impedance 
Spectroscopy (EIS) is a strong diagnostic testing approach 
for fuel cells. The EIS analysis is demonstrated in Fig. 10a 
and b. Figure 10a shows the impedance for the CdS@SS 
electrode, while Fig. 10b displays the CdS@Ni electrode 
for the Nyquist plot of EIS measurements of CdS electrodes 
in the electrolyte (KOH) in a frequency range of 100 kHz to 
0.1 Hz. With a depressed semi-circle in the high-frequency 
band, all of the samples exhibit almost the same electrolyte 
resistance  (RS) values. With a depressed semi-circle in the 
high-frequency band, all the samples exhibit almost the same 
electrolyte resistance  (RS) values. The parallel combination 
of the charge transfer resistance (RCT) of the electrochemi-
cal process is blamed for the depressed semi-circle plot’s 
existence. According to the following Eq. (9), the system's 
impedance (Z) is determined from its resistance  (Rs), capaci-
tance (Cdl), and applied frequency (f) under an alternating 
sinusoidal potential [24].

where i is the exchange current density of the redox reac-
tion. The produced CdS-better electrode’s electrochemical 
behavior and electrical characteristics were demonstrated 
by the electrochemical impedance spectroscopy’s (EIS) sig-
nificantly reduced charge transfer resistance. Depending on 
measurements and estimations related to electrochemistry, 
nickel substrate performs better than stainless steel accord-
ing to its Ip and diffusion coefficient as listed in Table 3.

Conclusions

In conclusion, utilizing cadmium acetate and thiourea as 
starting reactants, we created CdS nanorods. This approach 
is easy and inexpensive. Several strategies had been used 
effectively to produce and examine CdS nanoparticles. The 
produced CdS nanoparticles were of the cubic phase, as evi-
denced by the X-ray diffraction pattern. The development 

(9)Z =
iRcT

1 − �RcT

,

Fig. 10  a FRA impedance 
for CdS@SS electrode and b 
FRA impedance for CdS@Ni 
electrode
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of the CdS nanostructure was seen using the FT-IR spectra. 
Results from HR-TEM confirmed that these nanostructures 
were constrained in size. The recombination of a hole in the 
valence band of CdS with an electron contained in a sulfur 
vacancy results in a wide emission band at 590 nm. Liner 
sweep voltammetry was used to assess the electrochemical 
performance of CdS electrodes in fuel cells.
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