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Original Research Abstract:

Received: CdS and Ni-CdS thin films were synthesized using the chemical bath deposition technique. The samples
13 October 2024 were characterized by X-ray diffraction (XRD), scanning electron microscopy (SEM), UV-visible diffuse
g%’éii‘;ber 004 reflectance spectroscopy (UV-DRS), and energy-dispersive X-ray spectroscopy (EDS). The average crystallite
Accepted: size of both thin films ranged between 1.5 to 4.26 nm, analyzed by the XRD as well as the Williamson-Hall
19 December 2024 method. The SEM results reveal the nanoflakes-like morphology uniformly distributed over the surface of
Published online: thin films. The optical band gap was decreased from 2.29 to 2.03 eV when Ni2* was incorporated into the
13 January 2025 CdS crystal lattice. The potential valence and conduction band position of CdS and Ni-CdS thin films was

found to be 9.5, 7.7 eV, and 7.2, 5.6 eV, respectively. The synthesized films were used to degrade methylene
blue (MB) dye under 160 W mercury vapor lamp irradiation. The degradation rate of MB dye was found to be
significantly enhanced when Ni-CdS was used instead of pure CdS in visible light photocatalysis experiments.
Degradation efficiency for the CdS thin films was 64% after 120 minutes, while for the Ni-CdS films, it was
an impressive 84% after the same amount of time. Incorporating nickel ions into the CdS matrix improved
the photocatalytic efficacy by increasing light absorption and decreasing electron-hole recombination. Films
doped with Ni showed better photocatalytic activity, as the rate constant (k) for MB degradation rose from
0.028 min—! (CdS) to 0.038 min~! (Ni-CdS).
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1. Introduction

Environmental pollution has become a pressing issue world-
wide, growing more severe alongside the swift expansion
of industries and the increase in population. The ongo-
ing growth of industries to satisfy the needs of a growing
population has resulted in considerable harm to the environ-
ment. Urbanization reflects the development of society and
has put noteworthiness pressure on our natural resources,
which leads to environmental imbalance, i.e., air, soil, and
water pollution. Water pollution is a serious issue that af-
fects us all, especially with untreated industrial waste being
discharged into our natural water bodies [1-6]. Industries
such as textiles, printing, pulp, paper, pharmaceutical, and

sugar distillation contribute significantly to the environmen-
tal degradation caused by industrial and urban expansion
due to their high water demand and harmful waste [7, 8].
The discharge of such industries includes heavy metals,
toxic organic and inorganic compounds, and pharmaceuti-
cal ingredients, which show adverse effects on both aquatic
as well as terrestrial ecosystems [3, 4, 7, 8]. One of the
critical aspects of water pollution is the discharge of syn-
thetic dyes from industries, such as dyeing cotton cloth-
ing using cationic dyes, which is a major contributor to
industrialization-related environmental deterioration, espe-
cially in developing nations. Industrial dyes are very stable
when exposed to light, heat, and microbiological hazards.
These properties make them helpful in manufacturing but
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may harm the environment. These dyes color water and
deflect sunlight, disrupting aquatic plant photosynthetic pro-
cesses. Moreover, numerous dyes and their breakdown
products pose risks, being toxic, carcinogenic, or muta-
genic, which can endanger the health of both aquatic life
and humans. Prolonged exposure to water contaminated
with dye can cause serious health issues, such as skin irrita-
tion, breathing difficulties, and potentially harm to organs
[9-11]. However, among the different types of dyes, Methy-
lene blue (MB) is renowned. MB, which is often used in
textile and medicinal industries, persists in the environment
and accumulates in living organisms. Methemoglobinemia,
gastrointestinal problems, and eye burns are some of the
potential adverse effects of the widely used dye methylene
blue (MB). This situation has led to an environmental crisis
that demands immediate focus and sustainable solutions
[12-16].

Therefore, wastewater treatment technologies that are ef-
fective in removing MB from textile effluent are essential.
The traditional biological treatment methods are inadequate
for dealing with dye removal and organic pollutant degrada-
tion. Semiconductor photocatalysis has recently emerged
as a promising strategy for the degradation of organic con-
taminants in water and wastewater, according to several
studies [17-19]. When semiconductors are exposed to light
energy having energy greater than or equal to the band
gap, electron-hole (e~ /h™) pairs are generated in the con-
duction and valence band of the semiconductor. These
(e~ /h™) pairs lead to the redox reaction over the surface of
the semiconducting photocatalyst, resulting in the genera-
tion of reactive species viz., hydroxyl radicals (*OH) and
superoxide radicals (*O5 ). The reactive species reacts with
organic pollutants and degrade them into smaller, less toxic
fragments; this process is dependent on the effective charge
separation [20-22]. Nevertheless, effective charge separa-
tion can be achieved by doping, coupling, and supporting
the semiconducting materials with other metals, such as
metal oxides. Due to this (¢~ /h™) pairs recombination rate
decreases, which results in enhancing the photocatalytic
efficiency of the photocatalyst [23, 24].

Nanoparticles are ideal for use in heterogeneous photocatal-
ysis due to their microscopic size. Nanocrystalline semicon-
ductors have unique chemical and physical characteristics
compared to bulk materials. There are several materials
reported by many researchers in the literature that are used
as photocatalysts, such as ZnO, TiO,, and Bi; O3 etc [25].
Based on the above-mentioned literature, we aim to prepare
CdS and Ni-CdS thin films for photocatalytic applications.
Three distinct crystal structures are revealed by the prop-
erties of nanocrystalline cadmium sulfide (CdS), an II-VI
semiconductor: cubic zinc mix, hexagonal wurtzite, and
the high-pressure rock-salt phase [26, 27]. The hexagonal
phase of CdS exhibits stability and is easily synthesized,
while the cubic and rock-salt phases can be identified in
nanocrystalline CdS. The variation in crystallization struc-
tures that arises from size reduction significantly influences
the electronic properties of nanocrystalline materials. Due
to its extensive band gap (E,), CdS has garnered significant
attention in research concerning its emission characteris-
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tics over a broad spectrum of wavelengths, encompassing
from blue to red. It may be used as a window material in
heterojunction solar cells and as an n-type material with
other p-type materials in p-n junction solar cells. The con-
ductivity type of CdS nanoparticles can be changed from
n-type to p-type by doping them with different elements.
These nanoparticles find application in a wide variety of
photovoltaic devices, including electronic-powered lasers,
photodetectors, LEDs, and field effect transistors. The fabri-
cation of CdS nanoparticles has been accomplished using a
variety of techniques, including chemical precipitation, hy-
drothermal procedures, laser ablation, photochemical meth-
ods, one-pot synthesis, and solvothermal processes [28-31].
Recent investigations are centered on altering the proper-
ties of CdS semiconductors via doping with rare earth and
transition metals to augment its prospective applications.
Several studies have explored the chemical synthesis of
transition metal-doped CdS nanoparticles, analyzing the
influence of dopants on the characteristics of CdS thin films
[32]. This investigation seeks to enhance comprehension
of the effects of doping on the behavior and performance
of CdS thin films. Various methods have been employed to
synthesize metal-doped CdS, including chemical precipita-
tion, the hydrothermal process, chemical vapor deposition
(CVD), and spray pyrolysis. The optical and electrical
properties of metal-doped CdS, encompassing metals such
as Ni, Co, Sb, and Ce, are garnering significant interest
[33, 34]. This study employed the chemical bath deposition
approach to prepare CdS and Ni-CdS thin films. The photo-
catalytic degradation of MB was investigated at neutral pH,
and the effect of initial dye concentration and contact time
was examined. The study reported enhanced photocatalytic
property Ni-CdS thin for the MB dye as compared to the
bare CdS thin film.

2. Experimental

2.1 Materials

Cadmium Sulphate [CdSO,-8/3H,0], Nickel Sulphate
[NiSO4.6H;0], Thiourea [CH4N,S], Triethanolamine
(TEA), 30% Ammonia [NH4OH], and Labolene with an
analytical grade were purchased from Loba-Chemie and
used without further purification.

2.2 Synthesis of CdS and Ni-doped CdS thin film

Thoroughly cleaning the substrate is essential for achieving
uniform and impurity-free thin film deposition using the
solution growth technique. Once the silica glass substrates
have been cleaned with a mixture of chromic acid, deionized
water, labolene detergent solution, and hot distilled water,
they are put through an ultrasonic drying process. The
CdS and Ni-doped CdS thin film was prepared by using
a straightforward chemical solution deposition technique.
Dissolve 0.09 M of CdSOy4* 8/3 H>O and 0.09 M Thiourea
in 50 mL of deionized water in two separate beakers. The
1% Ni-doping was achieved by adding 50 mL of 0.01 M
[NiSO4. 6H, 0] solution in deionized water into the CdSOy4
solution. Next, add an ammonia solution until the solution
turns transparent, keeping the pH at approximately 11 while
stirring continuously. Now, gradually add a few drops of
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TEA to the Cadmium/Nickel sulphate solution. After that,
steady stirring was used to incorporate the Thiourea solution
into the Cadmium/Nickel sulfate solution. Glass surfaces
that had already been cleaned were put vertically into the
bath that was heated to 60 — 65 °C for 70 minutes in a
water bath. Consequently, this results in Ni-CdS thin films
that are stable, adherent, and homogenous. The obtained
Ni-CdS thin films were washed with deionized water and
dried in the air environment. The same procedures were
employed for the bare CdS thin film, avoiding the addition
of a Nickel source into the CdS bath [35]. Fig. 1 represents
the preparation of Ni-CdS thin by using the chemical bath
deposition method.

2.3 Characterization techniques

The crystalline nature and purity of the fabricated Ni-doped
CdS thin film were examined by using the X-ray diffraction
(XRD) study (XRD- Bruker D 8 Advance X-Ray diffrac-
tometer Germany). The SEM Hitachi S-4800 Japan Instru-
ment was used to analyze the morphology of the fabricated
thin film. Elemental analysis was carried out by using elec-
tron dispersive X-ray spectroscopy (EDAX- Nova Nano
SEM 450). The photocatalytic degradation experiment was
performed by using a UV-visible, double-beam spectropho-
tometer (Systronics-2203).

2.4 Preparation of dye solution

A stock solution of MB (100 mg/L) was prepared with
deionized water. The dye solutions at concentrations of 5,
10, and 15 mg/L were prepared through the dilution of the
stock solution using deionized water.

2.5 Photocatalytic degradation experiment

The photocatalytic effectiveness of bare and Ni-doped CdS
was tested for MB degradation under UV-visible light. Be-
fore measuring optical absorption, the bath with different
MB solution concentrations was left in darkness for 30
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Figure 1. Schematic representation of preparation of Ni-CdS thin film.
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minutes to create adsorption-desorption equilibrium. The
beakers were illuminated within a photocatalytic reactor
using a 160 W mercury vapor lamp from the Mumbai-based
Lelesil Innovative System after 30 minutes. Using MB
concentrations between 5 and 15 mg/L, the degradation
process began at time t = 0 and proceeded for the next 90
minutes. We collected enough samples at a certain time
and spun them in a centrifuge for five minutes to get rid
of any suspended particles. An ultraviolet-visible double
beam spectrophotometer was used to examine the super-
natant at the absorbance maximum wavelength (MB max
= 664 nm) in order to determine the concentration of MB
in the solution. Equation (1) was used to determine the dye
degradation [36].

(Co—C)
0

Degradation = x 100 (1)
where Cj is the initial dye concentration, and C; is the dye
concentration after time ¢.

3. Results and discussion

3.1 X-Ray diffraction analysis

Fig. 2a. Shows the X-ray diffraction patterns of the CdS and
Ni-CdS thin films. The peaks at 20 = 26.48°, 29.3°, 31.04°,
and 51.3° in the diffraction pattern represent the distinctive
peaks of pure CdS, whereas the peaks at 20 = 26.3°, 28.8°,
29.2°,30.9°, and 51.2° belong to the Ni-CdS thin film. The
fact that the diffraction pattern of Ni-CdS is somewhat dif-
ferent from that of pure CdS suggests that the crystalline
phase remains unchanged. The reflection of the (002), (101),
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Figure 2. (a) XRD pattern of CdS and Ni-CdS thin film (b) Williamson-
Hall plot of CdS and Ni-CdS thin film.
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Table 1. The lattice parameters of CdS and Ni-doped CdS thin film.

Thin Film 26

FWHM  Average Crystallite
B) Size by Scherrer Formula

Average Crystallite
Size by Williamson-Hall Method

2648 29
29.3 1.7
Cds 3704 18 4.26 23
51.3 0.75
26.3 35
. 28.8 35
Ni-CdS 292 3 3.70 1.5
30.9 2.6

(212), and (112) dhkl planes may be attributed to the strong
peaks of the diffraction pattern, which is in good accord
with JCPDS card numbers 01 — 0780 and 89 — 2944 [37].
The outcome shows that the CdS and Ni-CdS thin films have
a hexagonal structure along the (101) crystallite orientation.
In addition to functioning as a substitutional impurity, the
Ni2* dopant can occupy interstitial lattice positions. How-
ever, Cd>" has an ionic radius of 97 pm, while Ni** has
an ionic radius of 78 pm. To avoid acting as a surface con-
taminant, Ni>* can instead occupy interstitial sites due to
its lower ionic radius compared to Cd** [38]. Applying the
Scherrer formula, the observed crystallite sizes of the CdS
and Ni-CdS thin films were found to be 4.26 nm and 3.70
nm, respectively. The crystallite size of both thin films was
estimated using the Williamson-Hall equation (4).

Bcosb :£(4sin9)+% 2)

where f3 is the full width at half maximum in radians of the
diffraction peak being considered after instrumental broad-
ening correction, 0 is the angle of diffraction, D is the size
of the crystallite, and € is the strain in the material. Fig-
ure 2b shows the plot of 8 cos OV 4sin 0. Table 1 displays
the results of directly calculating the average crystallite size
D from the Y-intercept for each sample. Crystallite sizes for
CdS were found to be 2.3 nm and for Ni-CdS thin film to
be 1.5 nm, which is by the sizes predicted by the Scherrer
equation and reported in Table 1 [39, 40].

3.2 Scanning electron microscopy

The scanning electron micrographs of the pure CdS thin
film show a densely packed uniform porous structure and
well-adherent deposition over the entire substrate. The sur-
face has an increased surface area due to its porous structure,
which is marked by separate pores of different sizes. As seen
in figure 3(a, b), the nanoflakes are interconnected to each
other, resulting in the formation of an irregularly developed
nanosheet-like morphology that is uniformly distributed
over the surface of the thin film. Compared to the undoped
CdS, the scanning electron micrographs of the nickel-doped
CdS thin film show much better-grown nanosheet-like mor-
phology formed by the regular arrangement of smaller in-
terconnected nanoflakes, as seen in figure 3(c, d). The
alternation in the morphology from irregularly developed
nanosheets to well-developed nanosheets-like morphology
with enhanced surface area for scattering and absorption
of light. The Ni ions incorporated into the CdS crystal
lattice may be responsible for the evolution of sheets like
nanoflakes, which minimize surface energy, accumulate
randomly moving CdS monomers, and then self-organize
[41, 42]. Such morphological shift can enhance photocat-
alytic performance by increasing roughness and porosity,
which in turn promote charge carrier separation and light
absorption. The nickel-doped CdS thin film shows great
promise for photocatalytic improvements because of its uni-
formly developed nanosheet-like morphology. There may
be more adsorption sites accessible for dye molecules due
to the larger surface area and the presence of smaller pores,
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Figure 3. SEM images of CdS (a, b), Ni-doped CdS thin film (c, d), and particle size distribution of CdS (c), Ni-CdS (f).
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which might improve degradation efficiency. Figures 3¢ and
f indicate that the average crystallite size, as determined by
the Scherrer formula, is close to the particle size distribution
derived from scanning electron microscopy images of CdS
and Ni-CdS thin films [43, 44].

3.3 Energy dispersive X-ray spectroscopy (EDXS) anal-
ysis

Figure 4 illustrates that the expected elements were verified
by the EDXS spectra of the doped materials, which exhib-
ited distinct peaks for Cd, S, and Ni. The EDX spectra of
the undoped CdS thin film indicated that the primary con-
stituents were cadmium (Cd) and sulphur (S). According
to the atomic ratio, the CdS stoichiometric composition is
in agreement with the Cd/S ratio. The EDX spectra of the
Ni-doped CdS thin film showed distinct peaks for Cd, S,
and Ni. The presence of an EDX signal indicative of Ni
confirmed its integration into the CdS lattice. Ni atomic
percentage in the doped sample was close to 1%, which
was in line with the desired concentration of doping. The
atomic ratio of Cd to S was nearly the same as in the un-
doped sample, indicating that the doping method did not
significantly alter the stoichiometry of the CdS matrix. The
flawless sample proved that the manufactured film was of
the highest quality [45].

3.4 UV-Visible diffuse reflectance spectroscopy

Essential for their photocatalytic applications, the optical
properties and band gap energies of the synthesized CdS
and nickel-doped CdS thin films were investigated using
UV-visible diffuse reflectance spectroscopy (UV-DRS). In
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Figure 4. EDAX spectra of CdS (a) and Ni-doped CdS thin film (b).
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the UV-DRS spectra, the characteristic visible absorption
edge of CdS is evident in the thin film of pure CdS. There
is a correlation between the absorption edge and the direct
band gap transition. The obtained reflectance was applied to
the Kubelka-Munc equation and Tauc’s plot, and extending
the linear portion of figure 5, it was feasible to determine
that the optical band gap of the CdS and Ni-CdS thin film
was about 2.29 and 2.03 eV respectively [46, 47]. The
known band gap of CdS is commensurate with this value,
making it perfect for visible-light-driven photocatalysis. In
the UV-DRS spectra, a redshift is seen when comparing the
absorption edge of the pure CdS film with that of the nickel-
doped CdS thin film. The addition of nickel to the CdS
lattice explains this alteration, which implies a reduction in
the band gap energy. There are significant implications for
photocatalytic applications stemming from the material’s
ability to absorb a broader spectrum of visible light, made
possible by the nickel doping-induced reduction in band
gap energy. Dye degradation efficiency is dependent on the
ability to produce an adequate number of electron-hole pairs
when exposed to visible light; a smaller band gap facilitates
this process [48, 49].

Further, the potential position of Vp and Cp of CdS and Ni-
CdS thin film was calculated by using the empirical formula
as shown in equation (3).

Evg =X —E,+0.5E, 3)

where X absolute electronegativity of the material (eV),
which is the geometric mean of the electronegativities of
the constituent atoms, E, energy of free electrons on the
hydrogen scale, approximately 4.5 eV and Band gap energy
of the semiconductor (eV). The absolute electronegativity
(X) of the used semiconductor can be evaluated by half
value of summation of the first ionization energy (E;) and
electron affinity (E,) of the corresponding elements, and
the results are tabulated in Table 2. The potential position
of Vg was estimated using the above-mentioned formula
and used to estimate the potential position of Cp by using
the empirical relation of V and Cp as Ecg = Evp — E,. All

—— CdS Thin Film
—— Ni-CdS Thin Film

(0thv)2

/

s Eg=229eV

14 1.6 18 20 22 24 26
Energy (eV)

Eg=2.03ev ’

Figure 5. Tauc’s plot of CdS and Ni-doped CdS thin film.
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Table 2. Mulliken electronegativity of the constituent elements of the CdS
and Ni-CdS thin films by using their electron affinity (E,) and the first
ionization energy (E;) in eV.

Element E, E; (Eq +E)'/?
(eV) (eV) (eV)
Cadmium (Cd) —0.7 8.99%4 2.764
Sulphur (S) 2.077 10.360 4.145
Nickel (Ni) 1.157  7.639 2.932

the results are summarised in Table 3. The results of the
potential position calculation were used to draw a schematic
energy level diagram to explain the charge transfer in the
CdS and Ni-CdS thin films [50-52].

3.5 Photocatalytic degradation of methylene blue dye
3.5.1 Effect of initial dye concentration

Both the degradation rate and the total efficiency are af-
fected by the initial concentration of MB, which is a key
component in photocatalytic degradation. Various initial
concentrations of MB dye, ranging from 5 mg/L to 15 mg/L,
were tested using pure CdS and Ni-doped CdS thin films,
as shown in Fig. 6(a-b). Degradation efficiency decreased
linearly with increasing starting MB concentration from 5
mg/L to 15 mg/L. After 120 minutes at a lower dosage of
5 mg/L, the degradation efficiency reached around 69%,
indicating stronger photocatalytic activity. In contrast, at 15
mg/L concentration, the efficiency decreased to about 56%.
This is because as the concentration goes up, the active sites
on the CdS thin film surface fill up with dye molecules.
This makes them less available for photon absorption and
lowers the number of reactive species that are made. In
comparison to pure CdS thin film, the Ni-doped CdS thin
film demonstrated superior photocatalytic activity across
all concentrations. Once exposed to light for 120 minutes,
the degradation efficiency increased to 84% from 5 mg/L
starting concentration of MB. Even though the efficiency
dropped to 54% at 15 mg/L, it was still better than pure CdS
[53, 54].

Nickel, when added to a CdS matrix, slows down electron-
hole recombination and enhances charge separation. More
reactive species become accessible for degradation as a
result of this. The results indicate that the degrading per-
formance is greatly enhanced by Ni-doping, particularly
at higher dye concentrations. This study concludes that
Ni-doped CdS thin films may enhance photocatalytic de-
struction of organic pollutants. Results demonstrate that
when exposed to visible light, Ni-doped CdS thin films out-
perform pure CdS films in terms of photocatalytic activity.
The degradation rate is improved by doping and remains
quicker with increasing dye concentration and increasing
contact length. The breakdown of MB dye is mainly caused

Table 3. Band gap energies and potential positions of Vz and Cp of the
CdS and Ni-CdS thin film.

Catalyst X (eV) Eg(eV) Vg (eV) Cg(eV)
CdS 12.895 229 9.540 7.250
Ni-CdS  11.204 2.03 7.719 5.689
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Figure 6. (a-b) Effect of initial dye concentration on the photocatalytic
degradation of MB by CdS and Ni-CdS thin film: Conditions pH = 7, dye
concentration 5, 10, 15 mg/L, and for irradiation time 120 min.

by reactive species such as hydroxyl radicals (‘OH) and
superoxide anions (O ), which are made more readily avail-
able when nickel is doped into CdS, which improves the
separation of photo-generated electron-hole pairs [55-58].

3.6 Effect of contact time

The photocatalytic degradation process is also greatly af-
fected by the contact time. For 150 minutes, the MB degra-
dation of CdS and Ni-CdS thin films was tracked at regu-
lar intervals to examine the impact of contact time. MB
degradation for CdS thin films increased somewhat with
increasing contact time. At a dye concentration of 5 mg/L,
the degradation efficiency peaked at 75% after 150 minutes,
having reached 58% after 75 minutes. Degradation slowed
dramatically after 90 minutes, which could be because the
thin film surface had used up all of its active sites, and
the solution contained fewer dye molecules [38, 59]. The
thin sheet of CdS doped with Ni deteriorated at a quicker
pace. Degradation efficiency peaked at 71% after 75 min-
utes, and at 5 mg/L, 87% degradation was attained after the
150-minute illumination period, as shown in Fig. 7.

Faster formation of reactive oxygen species and degradation
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Figure 7. Effect of contact time on photocatalytic degradation of MB by
CdS and Ni-CdS thin film: Conditions pH = 7, dye concentration 5 mg/L,
and for irradiation time 150 min.

of the dye molecules are the outcomes of better charge trans-
fer dynamics in Ni-doped CdS film, which is responsible
for the increased performance. Degradation rates were also
more maintained in the Ni-doped films, even after 90 min-
utes, suggesting that these films made better use of surface
sites and had reactive species that lasted longer [60].

3.7 Kinetic study

A kinetic analysis was carried out to gain a better under-
standing of the photocatalytic degradation mechanism of
MB employing CdS and Ni-CdS thin films. According to
the Langmuir-Hinshelwood model, as seen in figure 8(a-b),
the degradation of MB when exposed to visible light fol-
lows pseudo-first-order kinetics. The degradation rate is
assumed to be directly proportional to the concentration of
the remaining dye in this model. Here is equation (4), which
represents the photocatalytic degradation process kinetics.

“

where Cj is the initial concentration of MB (mg/L), C; is
the concentration of MB at time ¢, k is the apparent rate
constant (min—!), and 7 is the time (minutes). By plotting
In (Cy/C;) versus time, the rate constant k was determined
from the slope of the linear plot. The pseudo-first-order
kinetics of the process were confirmed by the linear con-
nection between In(Cy/C) and time seen in the degradation
of MB utilizing the CdS and Ni-CdS thin films. Table 4
summarizes the findings of calculating the apparent rate
constants k for different beginning concentrations of MB.

Kinetic analysis demonstrates that CdS and Ni-doped CdS
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Figure 8. (a-b) Pseudo first-order kinetics for photocatalytic degradation of
MB by CdS and Ni-CdS thin film: Conditions pH = 7, dye concentration.
5, 10, 15 mg/L and irradiation time 120 min.

thin films degrade MB photocatalytically according to
pseudo-first-order kinetics. The degradation rate is dramati-
cally improved by Ni-doping, which lowers the activation
energy and increases the rate constant. Improved charge
separation, higher surface activity, and wider light absorp-
tion are the reasons why Ni-doped CdS thin films work
better. The results show that Ni-doped CdS thin films could
be used as effective photocatalysts for treating wastewater
[61-65].

3.8 Reusability experiment

Synthesized CdS and Ni-doped CdS thin film was inves-
tigated for MB elimination by photocatalytic degradation
cycles. After the first cycle, the films were carefully cleaned

Table 4. The pseudo first-order rate constant of MB photocatalytic degradation.

Amount of Catalyst

Concentration of dye

Rate Const. (K) min !

Linear regression coefficient (R2)

(g/mL) (¢/mL) CdS Ni-CdS CdS Ni-CdS
1 5 0.0287 0.0384 0.994 0.997
1 10 0.0211 0.0244 0.986 0.987
1 15 0.0184 0.0182 0.997 0.991
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with water and ethanol numerous times and dried in an open-
air oven at 120 °C for 1 hr. In order to photocatalytically
degrade MB using CdS and Ni-doped CdS films, these three
catalytic cycles were performed. The film’s reusability over
numerous cycles was proven by this. Figure 9(a-b) shows
that up to the third cycle, there is a little drop in adsorption
and a 22% drop in catalytic efficiency for MB for CdS and
a 20% drop for Ni-doped CdS, respectively. This implies
that for the degradation of organic pollutants, the thin films
are quite stable and effective [66].

3.9 Possible degradation pathway

Figure 10 shows the possible degradation mechanism of the
MB dye degradation in the presence of CdS and Ni-CdS thin
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Figure 9. Reusability experiment for the photocatalytic degradation of
MB by CdS (a) and Ni-CdS (b) thin films.
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Figure 10. Schematic representing the possible degradation mechanism of
MB using CdS and Ni-CdS thin film.

films. For the reduction of O, into the *O,, the CB must
be more negative than the reduction potential of O,/:O;
(—0.33 eV). In the case of CdS thin film, the CB (+5.68
eV) is more positive; therefore, the electron in CB doesn’t
have sufficient energy potential to reduce molecular O, into
the superoxide radicals. As a result, the generation of su-
peroxide radicals would be significantly suppressed. While
the generation of hydroxyl radicals (‘OH), the VB must
be more positive than the oxidation potential of ~OH/*OH
(4+2.38 eV). However, the VB (+7.71 eV) of CdS is more
positive, which indicates that the holes (h™) in VB have
enough energy to oxidize the “OH/H,O molecule into the
*OH radicals. These *OH radicals are highly reactive species
that can degrade the organic dyes, i.e. MB.

When Ni’* is incorporated into the crystal lattice of CdS
thin film, then the new band positions are available to the
charge transfer mechanism. The CB of Ni** (—1.1 eV) is
now significantly more negative than the O, /05 ; this en-
ables the reduction of oxygen molecules into the superoxide
radicals (-O; ), an important reactive oxygen species (ROS)
for the degradation process. Also, the VB of Ni** (+2.5eV)
is more positive than the oxidation potential of “OH/*OH,
maintaining the ability to oxidize ~OH/H,0 molecule into
the *OH radicals. Therefore, Ni>* doping introduces the
mid-gap states electronic structure, reducing the e~ /h™ re-
combination. However, the broader energy window between
the VB and CB of Ni-CdS thin film enhances the potential
for dual ROS pathways, such as reductive and oxidative
pathways [67].

3.10 Comparison

Table 5 shows a comparison of the photocatalytic degra-
dation of MB with different photocatalysts. This includes

Table 5. Comparison of photocatalytic degradation of MB dye with reported literature.

Sr. No.  Photocatalyst Reaction time (min) % Degradation = Reference
1 NiO-CdS nanoparticles 83 80 [29]
2 CdS-AgBr nanocomposite 60 98 [55]
3 CdS/Ag3POy4 nanoparticles 139 85 [57]
4 CdS Thin Film 60 80 [68]
5 Ni-CdS Thin Film 120 84 This Study
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multiple reports featuring photocatalysts in powder form
[29, 55, 57]. This study reveals findings regarding the degra-
dation of MB using the 2D form of CdS and Ni-doped CdS.
The percentage of degradation of MB observed with Ni-CdS
in this instance aligns closely with the reports referenced.
The 2D form of Ni-CdS demonstrates significant potential
as a substitute for traditional photocatalysts. The thin films
provide better stability and a controlled surface area, which
minimizes aggregation and boosts catalytic efficiency.

4. Conclusion

The CdS and Ni-CdS thin films were prepared using the
simple chemical bath deposition technique. The hexagonal
structure along the (101) crystallite orientation is revealed
by the X-ray diffraction data of the CdS and Ni-CdS
thin films. The morphological examination of CdS and
Ni-CdS thin films reveals alternation in the morphology
from irregularly developed nanosheets to well-developed
nanosheets-like morphology with enhanced surface area
for scattering and absorption of light, which facilitates
effective charge separation. UV-DRS measurement of
Ni-CdS thin films clearly shows a redshift, indicating a
reduction in band gap energy due to nickel incorporation
into CdS crystal lattices. The CdS and Ni-CdS thin film
demonstrates remarkable photocatalytic degradation of
MB dye when exposed to visible light irradiation. The
photocatalytic degradation of a 5 mg/L concentration of
MB was observed to reach 69% and 84% using CdS and
Ni-CdS thin films over 120 minutes, respectively. It has
been found that Ni?" incorporation into the CdS matrix,
which provides the new band gap position of VB and CB
for the Ni-CdS thin film, leads to the generation of dual
ROS pathway. The photocatalytic investigation follows
pseudo-first-order kinetics, exhibiting a strong association
with the linear regression coefficient.
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