catalysts MBPI|

Article

Enhanced Solar Light-Driven Photocatalytic Degradation of

Tetracycline Using Fe**-Doped CdO/ZnS Nanocomposite:
Mechanistic Insights and Performance Evaluation

R. Joyce Stella ¥, I. Sreevani !, Thirumala Rao Gurugubelli >, R. V. S. S. N. Ravikumar 3*0 and
Ravindranadh Koutavarapu 4*

Department of Humanities and Science, KSRM College of Engineering, Kadapa 516003, Andhra Pradesh, India;
joycestellal0@gmail.com (R.].S.); srivani.kadapa@gmail.com (I.S.)

Department of Physics, School of Sciences, SR University, Warangal 506371, Telangana, India;
thirumalaphy@gmail.com or g.thirumalarao@sru.edu.in

Department of Physics, Acharya Nagarjuna University, Guntur 522 510, Andhra Pradesh, India

Department of Robotics Engineering, College of Mechanical and IT Engineering, Yeungnam University,
Gyeongsan 38541, Republic of Korea

Correspondence: rvssn@yahoo.co.in (R.V.S.5.N.R.); ravindra_physicist@ynu.ac.kr (R.K.)

These authors contributed equally to this work.

Abstract: In recent years, studies on the efficient spatial charge separation for broad solar light
absorption and water remediation have been a major priority. Moreover, the development of transition
metal-doped nanocomposites for this purpose is a new endeavor in current research. Here, we
constructed an Fe3*-doped CdO/ZnS nanocomposite with a low doping level and investigated the
effect of doping on the charge transfer and recombination behavior for improved photocatalytic
performance. The X-ray diffraction analysis results indicate that both materials, CdO and ZnS,

f,*,‘fﬁt?sr exhibit a cubic phase structure with an average crystallite size of 35 nm. Morphology analysis of
Citation: Stella, R J.; Sreevani, L the Fe®*-doped CdO/ZnS nanocomposite confirms the formation of irregularly shaped particle-like
Gurugubelli, TR ; Ravikumar, structures. From the optical studies, the bandgap energies of CdO/ZnS and Fe3*-doped CdO/ZnS
R.VSS.N,; Koutavarapu, R. nanocomposites are 3.19 eV and 2.87 eV, respectively, which proved that the iron ions doping
Enhanced Solar Light-Driven reduced the bandgap energy and extended the absorption to the visible range. The efficiency of
Photocatalytic Degradation of photodegradation in the tested samples was evaluated using tetracycline under solar light exposure.
Tetracycline Using Fe**-Doped The experimental results demonstrated that the Fe3*-doped CdO/ZnS nanocomposite outperformed
CdO/ZnS Nanocomposite: the other samples, exhibiting a significantly higher photocatalytic activity. After 80 min, it achieved a

Mechanistic Insights and remarkable degradation rate of 97.06%. The Fe>*-doped CdO/ZnS nanocomposite demonstrated
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good stability and recyclability after five cycles. Radical trapping experiments showed that hydroxyl
(e#OH) radicals play a key role in photodegradation.
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1. Introduction

In recent times, environmental pollution has emerged as a worldwide concern. Aquatic

environments, in particular, have become a repository for a range of diverse compounds,
= which are collectively known as emerging pollutants [1,2]. This intriguing category has
Copyright: © 2023 by the authors.  attracted intense attention because of its potential ramifications for both ecological in-
Licensee MDPL, Basel, Switzerland.  teority and human well-being. Notably, a significant subset of these compounds exhibits
remarkable resilience against conventional chemical oxidation methods. Furthermore, their
inherent toxicity poses formidable obstacles to successful biodegradation processes. Conse-
quently, the possibility of their release into the environment is a worrying conundrum [3,4].
In recent decades, there has been a notable surge in the demand for pharmaceutical prod-
ucts in developing nations, encompassing a spectrum of categories including analgesics,
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antibiotics, anti-inflammatory agents, lipid regulators, beta blockers, and tranquilizers [5,6].
Significant proportions of these pharmaceutical compounds exhibit robust stability, posing
considerable challenges for their effective dismantling through conventional wastewater
treatment methodologies [7]. Consequently, a substantial presence of these pharmaceuti-
cal compounds is consistently observed across diverse water sources, including sewage
and surface water, as well as within drinking water, groundwater, soil, sediments, and
sludge [8].

Tetracycline (TC) is a globally utilized antibiotic known for its extensive range of
effectiveness. It proves to be effective against infections caused by both Gram-positive
and Gram-negative microorganisms [9]. Moreover, TC is used in the medical, veterinary
and agricultural fields due to its low cost and high antimicrobial activity [10]. Hence, the
emergence of antibiotics within aquatic ecosystems is entwined with an array of adverse
outcomes, encompassing short-term and protracted toxicity, the perturbation of endocrine
systems, and the proliferation of antibiotic-resistant bacterial strains [11]. Therefore, it
is necessary to find an effective solution to remove it from the water environment. In
recent times, the use of solar light-based photochemical reactions using advanced oxidation
processes (AOPs) has gained importance. These processes facilitate the conversion of a
variety of harmful contaminants into benign by-products and offer the remarkable feature of
complete environmental friendliness [12,13]. A key aspect of AOPs involves photocatalytic
mechanisms, in which semiconductor-mediated reactions are catalyzed upon exposure to
light. As such, these photocatalytic processes hold considerable promise in mitigating the
dual controversies of energy scarcity and environmental pollutants across a broad spectrum
of solar radiation [14,15].

Semiconductor nanomaterials have attracted considerable interest in the research field
due to their ability to exhibit superior properties compared to their conventional counter-
parts. Currently, growing interest is directed toward semiconductor nano-photocatalysts,
which is a phenomenon driven by the advent of innovative synthesis methods and an
ever-expanding landscape of applications [16,17]. To overcome this limitation, a series of
strategies to enhance the solar light absorption capabilities of semiconductor photocatalysts
have been meticulously explored [18,19]. Doping and semiconductor coupling are widely
employed techniques to enhance the activity, selectivity, and stability of photocatalysts
while reducing their bandgap [20]. These strategies include the introduction of transition
metal ions through doping, sensitizing catalyst surfaces, and judicious modification of the
catalyst’s surface properties. In concert, these methods have the potential to increase the
efficiency of photocatalysis by utilizing a broad spectrum of solar illumination [21,22].

Semiconductor nanocomposites serve as key structural frameworks in the fabrication
of photocatalytic materials. A concerted alignment of the conduction band (CB) and valence
band (VB) in heterogeneous semiconductor materials is an imperative requirement for the
construction of heterostructures [23]. Extensive investigations have been conducted on
various metal oxide semiconductors, including ZnO, MgO, CuO, WO3, and CdO, owing
to their narrower bandgap, lower toxicity, and exceptional thermal and chemical stabil-
ity [24,25]. Among these, CdO is an emerging material attracting research attention owing
to its narrow bandgap energy and high thermal and chemical stability [26]. Because of its
affordability and exceptional thermal and chemical stability, it has gained popularity as a
photocatalyst. Nevertheless, its photocatalytic efficiency remains relatively low due to its
limited responsiveness to visible light and the rapid recombination of charge carriers [27].
Thus, combining two or more semiconductors to form a nanocomposite is the most effective
strategy to overcome these limitations [28,29]. ZnS is a highly functional material with out-
standing physical and chemical properties. It is an economical, non-toxic, and exceptionally
biocompatible material. This semiconductor is noteworthy for its direct bandgap of 3.5 eV
and holds substantial importance in energy and environmental applications [30,31]. Con-
sequently, the development of a CdO/ZnS nanocomposite holds the potential for highly
efficient catalytic performance in pollutant degradation. The creation of a heterostructure
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with robust synergistic interactions can significantly diminish recombination rates while
harnessing solar light effectively, thereby preserving a high redox capacity [32].

Moreover, doping plays a crucial role in enhancing the photocatalytic properties
of semiconductors by altering the electronic configuration of materials, resulting in the
generation of an excess of defect energy levels [33]. In order to enhance the photocatalytic
properties of CdO/ZnS nanocomposite, transition metal ions doping is frequently applied.
Thus, in this work, we fabricated a CdO/ZnS nanocomposite with a low doping content
of Fe** ions and applied it to tetracycline degradation. The main active substances were
explored by radical trapping experiments, and the photostability of the materials was
evaluated by cycling experiments. Therefore, the Fe3*-doped CdO/ZnS nanocomposite
research can provide additional references for the development of efficient and stable
semiconductor photocatalysts.

2. Results and Discussion
2.1. Structural Analysis

The X-ray diffraction (XRD) pattern of Fe**-doped CdO/ZnS nanocomposite is shown
in Figure 1. The XRD spectrum reveals two material phases, CdO (*) and ZnS (#); both
exhibit the cubic phase of the material, and these patterns align with JCPDS file No. 05-0640
and 05-0566, respectively [34,35]. In the presented spectrum, a high intense peak is observed
at 20 = 32.58° analogous to the (111) plane, which is the indication of the crystalline phase
of CdO belonging to unit cell parameter a = 0.4733 nm for the cubic phase. ZnS, like CdO,
is a cubic phase with a = 0.5373 nm as a unit cell parameter. From the well-known Scherrer
equation, the crystallite size is approximated as 35 nm [36]. The inset of Figure 1 shows the
magnified XRD image of undoped and Fe**-doped CdO/ZnS nanocomposites. A slight
change in 20 values was observed, indicating the doping of Fe?* ions in the CdO/ZnS
nanocomposite [37].
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Figure 1. XRD pattern of Fe3*-doped CdO/ZnS nanocomposite, and insert shows the magnified
image of undoped and Fe?*-doped CdO/ZnS nanocomposites. CdO (*) and ZnS (#).

2.2. Morphological Analysis

Morphological analyses of the fabricated heterostructure were conducted using SEM,
TEM, and HRTEM. In Figure 2, SEM images are utilized to depict the morphology of the
Fe**-doped CdO/ZnS nanocomposite. These images, captured at two different magnifica-
tions, reveal a dispersion of spherical nanoparticles with some agglomeration.
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Figure 2. (a,b) SEM images of Fe3*-doped CdO/ZnS nanocomposite.

Figure 3a,b present TEM and HRTEM images of the Fe**-doped CdO/ZnS nanocom-
posite, confirming the formation of irregularly shaped particle-like structures. In Figure 3c,
the observed lattice spacings of 0.265 nm and 0.306 nm correspond to the (111) plane of
CdO and the (111) plane of ZnS, respectively, indicating the formation of a CdO/ZnS
heterostructure [38,39]. Furthermore, the diffraction spots in the corresponding Selected
Area Electron Diffraction (SAED) pattern in Figure 3d confirm the simultaneous presence
of CdO and ZnS.
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I

Figure 3. (a) TEM, (b) HRTEM, (c) lattice fringe, and (d) SAED pattern of Fe3+-doped CdO/ZnS

nanocomposite.

To further understand the elemental composition of the composite, Energy-Dispersive
X-ray Spectroscopy (EDS) was employed. Figure S1 confirmed the compositional analysis
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of the prepared sample. Figure 4 illustrates the distribution of surface elements such as
Cd, Zn, O, S, and Fe across the sample, indicating uniform distribution throughout the
material.

Figure 4. EDS color mapping of Fe3*-doped CdO/ZnS nanocomposite. (a) Mapping region, (b) Cd,
(c) Zn, (d) O, (e) S, and (f) Fe.

2.3. Elemental Composition Analysis

A survey scan using X-ray Photoelectron Spectroscopy (XPS) analysis was conducted
to determine the elements and interactions between CdO, ZnS and doped Fe®* ions present
in the Fe**-doped CdO/ZnS nanocomposite. Figure 5 presents the XPS analysis of the
Fe*-doped CdO/ZnS nanocomposite. The XPS full spectrum in Figure 5a reveals the
presence of elements including S, Cd, O, Fe, and Zn. Additionally, the sample exhibits a
distinct Fe 2p signal, confirming the successful doping of Fe** ions. In Figure 5b, the S 2p
spectrum is fitted with two peaks at 161.28 eV and 162.47 eV, corresponding to S 2ps,, and
S 2py 2, respectively. These peaks are characteristic of the S?~ state [40]. In Figure 5c, the
XPS spectrum reveals two distinct peaks at 404.95 eV and 411.75 eV, which correspond to
Cd 3ds/, and Cd 3d3,, of Cd 3d, respectively. These peaks are characteristic of Cd?* in
CdS [41]. After deconvolution, the XPS spectrum of O 1s in Figure 5d exhibits two distinct
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peaks. The peak at 530.41 eV is attributed to oxygen-deficient regions within the CdO
matrix. Meanwhile, the peak at 532.07 eV is often associated with chemically adsorbed
oxygen species on the surface of CdO [42]. In Figure 5e, the Fe 2p spectrum exhibits two
distinct peaks at 709.95 eV for Fe 2p3,, and at 724.08 eV for Fe 2pq /, [43]. Additionally, the
Zn 2p XPS spectrum in Figure 5f displays peaks corresponding to Zn 2p3,, and Zn 2p; /»
at 1022.24 eV and 1045.32 eV, respectively. These peaks indicate the presence of Zn with a
+2 oxidation state [44]. Overall, the XPS analysis confirms a significant interaction between
the elements, which enhances synergistic effects and facilitates the efficient transfer of
charge carriers within the nanocomposite.
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Figure 5. XPS analysis of Fe3*-doped CdO/ZnS nanocomposite. (a) Survey spectrum, (b) S 2p,
(c) Cd 3d, (d) O 1s, (e) Fe 2p, and (f) Zn 2p.
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2.4. Optical Absorption and EPR Analysis

The UV-vis Diffuse Reflectance Spectroscopy (DRS) spectra of both the CdO/ZnS
and Fe?*-doped CdO/ZnS nanocomposites are presented in Figure 6a. In this figure, the
CdO/ZnS nanocomposite exhibits a pronounced ultraviolet light absorption response,
which is characterized by an absorption edge at approximately 389 nm. However, the
Fe**-doped CdO/ZnS nanocomposite exhibits better visible light absorption compared
to CdO/ZnS with an absorption edge around 432 nm. Thus, it can be seen that the
doping of Fe®* ions improved the light utilization efficiency of the Fe**-doped CdO/ZnS
nanocomposite. The bandgaps of both photocatalysts were determined using Tauc plots,
and the results are presented in Figure 6b. The bandgap of the CdO/ZnS nanocomposite is
calculated to be 3.19 eV, while the Fe>*-doped CdO/ZnS nanocomposite exhibits a reduced
bandgap of 2.87 eV. Furthermore, the band edge positions of CdO and ZnS were calculated
using well-established standard empirical formulas [45]. For CdO, the valence band (VB)
edge position is +2.56 eV, the conduction band (CB) edge position is +0.17 eV, and the
bandgap is 2.39 eV. In the case of ZnS, the valence band edge position is +2.39 eV, the
conduction band edge position is —1.08 eV, and the bandgap is 3.47 eV.
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Figure 6. (a) DRS, (b) Tauc plots of undoped and Fe**-doped CdO/ZnS nanocomposite.

To gain more comprehensive insights into the impact of Fe3*-doping on the photo-
catalytic reaction, the efficiency of charge migration and transfer was assessed through
excitation-dependent photoluminescence (PL) spectra. This analysis provides valuable
information closely linked to the photocatalytic performance of the samples. In general, it
is beneficial to increase the level of PL intensity quenching to improve the photocatalytic
efficiency. The PL spectra of CdO/ZnS and Fe**-doped CdO/ZnS nanocomposites are pre-
sented in Figure 7a. As shown, the PL spectrum of CdO/ZnS exhibits a strong PL emission
peak originating from its intense charge carrier recombination. The Fe**-doped CdO/ZnS
nanocomposite, when subjected to the same excitation wavelength (325 nm), displays a
notably lower PL peak compared to CdO/ZnS. This difference can be attributed to the
intimate interfacial contact between the doped Fe®* ions and the host sites. Consequently,
the creation of interfacial contact and the introduction of defect energy levels play a crucial
role in significantly extending the lifetime of electron-hole pairs. This extended lifetime is
highly advantageous for promoting efficient photocatalytic reactions [46].

Figure 7b shows the Electron Paramagnetic Resonance (EPR) spectrum of the Fe3*-
doped CdO/ZnS nanocomposite at room temperature. In weedy crystal fields, Fe>* has
five unpaired electrons, bringing about a high-turn state (°Ss ;). Since Fe?" has a place
with the d5 arrangement, it has °S. The g-factor is relied upon to be amazingly near the
free particle value of 2.0023 in light of the fact that there is no twist circle connection. The
strong signals at g~2 and a shoulder at g~3 districts rule the EPR range in this investigation.
The reverberation signal at g~2.09 shows up initially when iron is readily available in the
host cross-section at misshaped octahedral site consistency. The spin minute of covalently
linked Fe®* ions may be minimized as a result of the shift from a high-spin to a low-spin
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Fe3* state, potentially leading to the creation of a new resonance signal g~3.015 [47]. The
effective g-factor of the broad signal is greater than 2.0023, suggesting the presence of iron

ions in the sample.
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Figure 7. (a) PL spectra of undoped and Fe3*-doped CdO/ZnS nanocomposite, and (b) EPR spectrum
of Fe**-doped CdO/ZnS nanocomposite.

2.5. Photocatalytic Performance
The assessment of the catalyst’s photocatalytic activity was determined by measuring
the degradation rates of TC under solar light, and the outcomes are presented in Figure 8.
In the absence of a photocatalyst, the photodegradation of TC remained negligible even
after 80 min of exposure. Figure 8a illustrates the reduction in the absorption peak intensity
of TC at 351 nm as a function of increasing irradiation time up to 80 min. After illumination
for 80 min, ZnS, CdO, and CdO/ZnS showed the lower photocatalytic performance with
degradation efficiencies of 20.27%, 35.13% and 68.41%, respectively. Furthermore, the Fe3*-
doped CdO/ZnS nanocomposite exhibited the strongest photocatalytic activity and arrived
at the optimum photocatalytic degradation activity (97.06%) after 80 min (Figure 8b). To
assess the degradation kinetics, the pseudo-first-order kinetic model was employed to
describe the photocatalytic performance of the synthesized samples. The results of this
analysis are presented in Figure 8c. The degradation kinetic rate constants of ZnS, CdO,
and CdO/ZnS were found to be 0.003, 0.0057, and 0.0142 min~}!, respectively, while the
degradation kinetic rate constant of the Fe**-doped CdO/ZnS nanocomposite was found
to be 0.0341 min ! (Figure 8d). The kinetic rate constants of photodegradation of TC on the
Fe*-doped CdO/ZnS nanocomposite increased the rate by approximately 11.37, 5.98, and
2.41 times over ZnS, CdO and CdO/ZnS, respectively.
The impact of catalyst dosage was examined by varying the amounts (10, 15, and
20 mg) of the Fe**-doped CdO/ZnS nanocomposite. As depicted in Figure 9a, the pho-
todegradation of TC gradually increases with the rising catalyst loading until it reaches
15 mg. This increase can be attributed to the greater availability of active sites and the
enhanced production of active radicals. However, when the catalyst dosage exceeds 15 mg,
the suspended catalyst particles tend to aggregate. This aggregation reduces the amount
of light that can access the active sites of the catalyst, subsequently decreasing the rate of
photodegradation. Furthermore, the stability experiment was performed to understand
the cyclic stability of the Fe**-doped CdO/ZnS nanocomposite (Figure 9b). The stability
test results inferred that the photodegradation efficiency of TC slowly decreased from the
1st cycle to the 5th cycle and finally stabilized around at 92.16%. Thus, the degradation
efficiency of the Fe**-doped CdO/ZnS nanocomposite reduced slightly after the cycle
experiment, which may be attributed to the loss of catalyst and the decrease in active sites

in the samples during the cycle experiments [48].
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Figure 8. (a) Absorption spectrum of TC degradation over Fe3*-doped CdO/ZnS nanocomposite,
(b) photocatalytic activity, (¢) In graph, and (d) rate constants of all prepared samples.

Furthermore, a comprehensive characterization of the crystallinity and morphology of
the Fe**-doped CdO/ZnS nanocomposite was performed after multiple recycling cycles
using SEM and TEM, the results of which are presented in Figures S2 and S3. These
results indicate that there are no noticeable changes in the crystallinity and morphology
of the Fe**-doped CdO/ZnS nanocomposite after cycle tests. Identifying the key reactive
species (60, ~, ¢OH, and h*) critical to the photocatalytic removal process is crucial to
fully understand the photocatalytic mechanism. To learn more about this, benzoquinone
(BQ for O, scavenger), isopropanol (IPA for eOH scavenger), and triethanolamine
(TEOA for h* scavenger) were added to the reaction solution during TC degradation on
the Fe**-doped CdO/ZnS nanocomposite. The photodegradation rates of TC versus the
Fe**-doped CdO/ZnS nanocomposite with and without scavengers were examined and
are shown in Figure 9¢,d. As observed, the degradation efficiency of the composite for TC
showed a slight reduction when BQ was added (83.74%), which was followed by TEOA
(75.46%). This suggests that ¢O,~ radicals and holes played a relatively minor role in the
photocatalytic reaction. However, the addition of IPA resulted in the lowest degradation
efficiency (28.67%) of TC by the Fe**-doped CdO/ZnS nanocomposite, indicating that ¢ OH
radicals played a significant role in the photocatalytic reaction. This highlights that the
primary reactive species responsible for the degradation of TC is the «OH radical. The
catalytic removal of TC in the present work is compared with that previously reported in
the literature, as shown in Table 1 [49-58]. The data reveal the enhanced photocatalytic
activity of the Fe>*-doped CdO/ZnS nanocomposite.
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Figure 9. (a) Catalyst loading, (b) stability, and (c,d) scavenger test for Fe3*-doped CdO/ZnS
nanocomposite.
Table 1. A comparison of photocatalytic removal of pollutants under light illumination with recent
literature.
. Irradiation .
S.No. Catalysts Synth.e51s Pollutant Light Source Time Defg.r adatl(z)n Ref
Technique . Efficiency (%)
(min)
1 Zn0O/SnS Hydrothermal MB Visible 210 95.20 [49]
2 CdO/CuO Microwave RB Solar 120 97.00 [50]
3 ZnO-CdS Chemical RhB Solar 80 98.16 [51]
precipitation
4 ZnO/CdS Wet chemical RhB Solar 80 90.00 [52]
5 Fe-dope ZnO/CdS Chemical MB Visible 80 78.00 [53]
6 Cu-doped ZnO/SnS  Hydrothermal MB Solar 120 97.20 [54]
7 Fe-doped ZnO/SnS Hydrothermal MB Visible 120 95.80 [55]
8 Dy-doped ZnO/SnS Hydrothermal MB Visible 140 97.80 [56]
9 V-doped ZnO/SnS Hydrothermal MB Visible 120 96.40 [57]
10 Cu-doped TiO, /ZnO Sol-gel MB Visible 120 73.20 [58]
11 Fe-doped CdO/ZnS  Hydrothermal TC Solar 80 97.06 P‘fvejflil t

Based on the experimental findings and analysis, the potential photodegradation
mechanism and photoinduced charge transfer during TC degradation by the Fe>*-doped
CdO/ZnS nanocomposite are illustrated in Figure 10. When the photocatalyst is exposed
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to solar radiation, it generates pairs of electrons and holes on its surface. Furthermore,
the introduction of iron ions through doping creates defect energy states below the CB of
ZnS. These defect levels act as traps for the charge carriers generated upon exposure to
light, reducing electron-hole recombination and facilitating their migration to the surface
of the catalyst. Following light illumination, the excited electrons transition from the CB
of ZnS and defect energy levels to the CB of CdO, while the holes move from the VB of
CdO to the VB of ZnS. The negative charge carriers that accumulate on the surface of CdO
may interact with O, to generate #O, ™ radicals and HyO,, which subsequently induce
the formation of eOH radicals. On the other hand, the direct contribution of holes on the
ZnS surface in the oxidation process of TC produces OH radicals as well. Based on these
observations, the Fe>*-doped nanocomposite effectively separates the photoinduced e~ /h*
pairs and generates robust oxidative free radicals on the photocatalysts surface, leading to
a significant enhancement in photodegradation efficiency.
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Figure 10. Photocatalytic mechanism for the degradation of tetracycline over Fe>*-doped CdO/ZnS
nanocomposite.

3. Materials and Methods
3.1. Materials

The chemical precursors, including cadmium acetate, sodium hydroxide, zinc ac-
etate, sodium sulfide, iron nitrate, benzoquinone, triethanolamine, and isopropyl alcohol,
were acquired from Sigma-Aldrich and used in their as-received state without additional
purification.

3.2. Fabrication of Fe**-doped CAO/ZnS Nanocomposite

The Fe3*-doped CdO/ZnS nanocomposites were created using a direct hydrothermal
method. In the beginning, 25 mL of deionized (DI) water was used to dissolve 0.2 mol of
cadmium acetate, sodium hydroxide, zinc acetate, and sodium sulfide individually. The
procedure began with the gradual addition of a NaOH solution to the cadmium solution
with constant agitation. This resulted in the formation of CdO, which was evident from
the homogenous precipitate formed. To synthesize ZnS nanoparticles, a Na,S solution
was slowly introduced into the zinc solution. Subsequently, 20 mL of a 0.01 mol iron
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nitrate solution was added to the ZnS mixture and stirred for 30 min, indicating the
formation of Fe**-doped ZnS nanostructures. In order to create the Fe3*-doped CdO/ZnS
nanocomposites, the Fe>*-doped ZnS precipitate was lastly mixed with the CdO precipitate.
The resulting solution was transferred into an autoclave and heated to 180 °C for a duration
of 12 h after 30 min of continuous stirring. Subsequently, the resulting products were
allowed to cool naturally to room temperature, which was followed by filtration and
washing with DI water and ethanol. The settled product was then dried overnight at 80 °C.
The resulting test material was ground and employed for further characterization and the
study of TC degradation under solar light exposure.

3.3. Characterizations

X-ray diffraction analysis was conducted using a Shimadzu 6100 X-ray diffractometer
equipped with Cu K« radiation. Field emission scanning electron microscopy (FESEM)
images and energy-dispersive X-ray spectra of the prepared samples were acquired us-
ing a HITACHI 5-4800 system. Transmission electron microscopy (TEM) images were
obtained using a HITACHI H-7600 electron microscope, while high-resolution transmis-
sion electron microscopy (HRTEM) images were captured with a Tecnai G2 F20 S-Twin
electron microscope. X-ray Photoelectron Spectroscopy (XPS) data were collected using a
Thermo Scientific Ko X-ray source. UV-vis diffuse reflectance spectra were recorded using
a VARIAN Cary 5000 spectrophotometer. Photoluminescence spectra of the catalysts were
measured using a Horiba IHR550 fluorescence spectrophotometer.

3.4. Photocatalytic Test

The photocatalytic effectiveness of the as-prepared samples was assessed for the
degradation of TC under solar light exposure. Typically, 15 mg of Fe3*-doped CdO/ZnS
photocatalyst was introduced into a 50 mL TC aqueous solution (40 mg/L) and subjected to
2 min of sonication to ensure uniform mixing. Before initiating the illumination, the reaction
mixture was vigorously stirred in the dark for 30 min to establish an adsorption-desorption
equilibrium. Subsequently, the suspension mentioned above was exposed to solar light.
The photocatalytic performance of the prepared catalysts was evaluated using a 150 W
solar simulator. Meanwhile, at specified time intervals, 3 mL of the reaction suspensions
was collected and separated by centrifugation.

4. Conclusions

In conclusion, the Fe3+—doped CdO/ZnS nanocomposite was fabricated by incorporat-
ing a low amount of iron ions doping. XRD analysis revealed the cubic crystal structure
of the prepared sample. The bandgap energies of CdO/ZnS and Fe**-doped CdO/ZnS
nanocomposites are 3.19 eV and 2.87 eV, respectively. The morphological study confirmed
the formation of irregular shaped nanoparticles, and elemental analysis affirms the presence
of Cd, O, Zn, S, and Fe species. XPS analysis confirms a significant interaction between
the elements, which enhances synergistic effects and the easy transfer of charge carriers.
From PL analysis, the Fe3*-doped CdO/ZnS nanocomposite exhibits a significantly lower
PL intensity peak than CdO/ZnS. After illumination for 80 min, ZnS, CdO, and CdO/ZnS
showed the lower photocatalytic performance with degradation efficiencies of 20.27%,
35.13% and 68.41%, respectively. Furthermore, the Fe**-doped CdO/ZnS nanocomposite
exhibited the strongest photocatalytic activity and arrived at the optimum photocatalytic
degradation activity (97.06%) after 80 min. The kinetic rate constant of the Fe3*-doped
CdO/ZnS nanocomposite was found to be 0.0341 min—!, and it is about 11.37, 5.98, and
2.41 times over ZnS, CdO and CdO/ZnS, respectively. The radical trapping experiments
have proved that #OH radicals are the main active species generated in the photocatalytic
reaction. Therefore, the superior photocatalytic activity is attributed to the formation of
interfacial contact and defect energy levels of the doped ions, which can greatly extend the
lifetime of the electron-hole pair but also enhance the light absorption.
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