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Abstract: In this study, pure CdO nanoparticles, magnetic Fe304 nanoparticles, and Fe304-CdO
nanocomposites were prepared via a solution combustion method using cetyltrimethylammonium
bromide (CTAB) as a template. These prepared nanomaterial samples were characterized by X-ray
diffraction (XRD), ultraviolet-visible diffuse reflectance spectroscopy (UV-vis DRS), Fourier-transform
infrared spectroscopy (FTIR), Raman spectroscopy, X-ray photoelectron microscopy (XPS), transmit-
tance electron microscopy (TEM), and scanning electron microscopy (SEM) analysis. XRD patterns
confirmed the purity and the crystalline nature of the prepared samples. FTIR and Raman spectra
observed the metal-oxygen (M-O) bond formation. UV-vis DRS studies were performed to inves-
tigate the optical properties and the bandgap energy determination. The surface morphology and
the size of the pure CdO nanoparticles, magnetic Fe30, and nanocomposites of Fe304-CdO were
determined via TEM and SEM analysis. Under optimum experimental conditions, the Fe304-CdO
nanocomposites were applied for photocatalytic activity against Methylene blue dye. Under visible
light irradiation, Fe3O4-CdO nanostructures showed an efficient photocatalytic degradation of 92%
against Methylene blue organic dye and showed excellent stability for multiple cycles of reuse.

Keywords: nanocomposite; magnetic nanoparticles; surface morphology; photodegradation

1. Introduction

In recent years, human poisoning and the contamination of aquatic life have occurred
as significant consequences of the production of poisonous organic pigments and their
wastewater by-products in several industries, including the textile, plastic, paper, pesti-
cides, leather, and petrochemical sectors [1]. Because of their carcinogenic properties and
limited biodegradability [2], these dyes pose a substantial risk to humans, livestock, and
aquatic ecosystems. Due to their non-biodegradability and adverse effects on humans due
to their high carcinogenic potential [3], organic dyes have received special attention as
important environmental pollutants [4]. In addition, they have a degrading influence on
the nature and quality of water and inhibit the penetration of sunlight, which is detrimental
to photosynthetic aquatic plants. For example, trace amounts of organic dyes such as
Methylene blue (MB) in water can cause gastrointestinal issues, irritations, anemia due
to hemolysis, and other diseases [3,4]. MB is a positively charged dye that finds utility
in diverse applications, including but not limited to the wood and textile sectors [5,6]. A
major problem in the industry is the remediation of water from MB, as failure to do so may
lead to health hazards for living organisms and the environment.
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In recent years, various techniques have been developed for removing pollutants from
aqueous media, including adsorption [7], biosorption mechanisms [6], membranes [8],
Fenton [9], and photocatalytic processes [10]. As an alternative approach, photocatalysis
has attracted much attention due to its ability to degrade the organic dye in wastewater
into environmentally friendly compounds such as CO, and water [11]. The significance of
photocatalytic degradation of hazardous compounds has grown in importance [12,13] due
to its distinct benefits that do not generate secondary pollutants. During the degradation
process, the photocatalyst facilitates the conversion of noxious compounds into innocuous
constituents, namely carbon dioxide and water [12]. In recent times, numerous research
investigations have been dedicated to advancing photocatalysts that are responsive to visi-
ble light or sunshine to utilize them for environmental cleanup purposes. Photocatalysts
can operate well in ambient conditions and achieve complete mineralization of organic
molecules. Another essential factor of a catalyst that is efficient is the separation and
recycling of the catalyst to prevent catalyst loss. In this regard, fabricating a photocatalyst
with a magnetic component would be of great interest. The unique properties of semicon-
ductor photocatalysts may be achieved by combining them with different materials. A
bi-functional material that exhibits magnetic and photocatalytic activity makes it valuable
for developing environmentally benign catalytic processes [13].

Nanomaterials (NMs) are considered one of the special categories of materials that
have received exceptional attention and interest due to their explicit use in various applica-
tions, such as sensors [14], photocatalysis [12], catalysis [15] and material chemistry, etc. [16].
NMs have several advantages over similar nanostructures, including the ability to regulate
the thickness of their shell material, which allows morphology-dependent properties to
be tuned to the desired level [16]; in addition, they possess dual properties in contrast to
single nanoparticles (NPs). The functionality of NPs is contingent upon the bandgap and
the relative positioning of the electronic energy levels of the specific semiconductor [17] As
a result, it may aid in reducing the consumption of expensive materials by controlling the
release of the core. Numerous differently shaped nanocomposites (NCs) exist, but metal
oxide is one of the most effective materials due to its improved properties. It has been
demonstrated that transition metal oxide or hydroxides NPs exhibit diverse properties and
functionalities due to modifications in their surface properties at the nanoscale [18].

In recent years, there has been a significant expansion in the field of study about iron
oxide NPs, namely magnetite NPs (Fe30O4 NPs), regarding their potential application
in removing both organic and inorganic contaminants. Fe3O4 NPs have emerged as
a promising option for various technological applications, particularly, environmental
remediation [19]. This is because of their tiny size, biological compatibility, non-toxicity,
and superior full-activity magnetism [13,19].

Cadmium oxide (CdO) is a significant semiconductor in the II-IV group, characterized
by a straight bandgap of 2.2-2.5 eV. It has high optical transmittance in the visible range
and low resistivity, making it an attractive material for optoelectronic applications; it is
suitable for use as a photocatalyst.There are also numerous applications for CdO, such as
gas sensors, solar cells, photodiodes, lithium batteries, etc. [20-22]. Various researchers
have already discovered that when Fe and CdO are combined as photocatalytic hybrids,
the performance can be enhanced for the removal of target pollutants. For instance, the
Fe-CdO combination demonstrated high photodegradation effectiveness of 92.85% against
the breakdown of MB dye when exposed to visible-light radiation [23]. In addition, CdO
and Fe304-based NCs have shown promising and excellent degradation results against
other organic dyes [23,24].

Heterojunction photocatalysts have gained significant interest in recent years as a
potential environmentally acceptable solution for eliminating organic contaminants in
wastewater. These photocatalysts utilize abundant sunlight to convert pollutants into
innocuous chemicals [25-28]. The literature extensively discusses heterojunction photocat-
alysts for wastewater treatment due to their distinctive characteristics, including simple
production, affordability, chemical durability, and lack of toxicity [29-32]. Heterojunction
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building is an approach that is widely used to improve the photocatalytic efficiency of a
single semiconductor. It involves modifying the surface properties of the catalyst and opti-
mizing the crystal structure. It can significantly enhance the surface catalytic reaction and
efficiently modify the energy-band structure [33-35]. So, in this work, we highlighted the
synthesis of Fe304, CdO NPs, and Fe304-CdO NPs by using a simple and fast method with
CTAB as a template, and their photocatalytic activities were performed under visible light.

2. Results and Discussion
2.1. UV-Visible Spectroscopy Analysis

The research entailed using UV-visible diffuse reflectance spectroscopy (UV-Vis DRS)
techniques to investigate the light-absorption characteristics of CdO, Fe3O4 NPs, and
Fe304-CdO NC materials (Figure 1a). The UV-vis DRS spectra of CdO and Fe30, display
a conspicuous and wide absorption band in the ultraviolet and visible area, which is
potentially attributable to their narrow bandgap energy. This pertains to the direct bandgap
phenomenon resulting from the electron transition occurring between the valence band
(VB) and the conduction band (CB) [36]. The Fe304-CdO NC, formed by the heterojunction
between CdO and Fe3;O4, demonstrates an absorption band ranging from 400 to 550 nm.
This leads to a notable enhancement in the absorption of visible light [37].
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Figure 1. (a) UV-DR spectra and the Tauc plots for Fe304, CdO, Fe304-CdO, (b-d) bandgap of Fe30y,
CdO, Fe304-CdONPs, respectively.

Furthermore, the presence of CdO-NPs on the surface of Fe3O4-NPs mitigates the dis-
sipation of light energy caused by the intense light scattering resulting from the interaction
between the incident light and CdO-NPs [38,39]. The results obtained from the UV-DRS
analysis suggest a minor redshift in the Fe304-CdO NPs, as compared to the pure CdO NPs.
This redshift implies that the Fe3O4-CdO NPs have a higher energy absorption capability,
which makes them more suitable for a wide range of applications in photocatalysis. The
observed alteration in the bandgap energy within the Fe304-CdO NCs further validates the
effective deposition of CdO-NPs onto the Fe304 NPs’ surface, as reported in reference [40].
The observed phenomenon can be attributed to the significant electron—electron interaction
occurring within the d-orbital of Cadmium (Cd), as well as its interaction with the s- and
p-orbitals of the host material Iron (ILIII) oxide (Fe3O4). The renormalization effect in
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pure Fe30y is caused by the exchange of sp-d band electrons between Fe304 and localized
d-electrons of Cd* [41]. This observation provides more evidence supporting the enormous
potential of Fe304-CdO NPs in the field of photocatalysis, since they demonstrate effective
use of visible light. Figure 1b—d illustrates the respective bandgap values of 1.90 eV, 1.83 eV,
and 1.80 eV for Fe304, CdO, and NPs, as well as the Fe304-CdO NC. The findings of
the study indicate that the presence of CdO NPs on Fe3O4 NPs resulted in a shift in the
bandgap of Fe304 from 1.90 eV to 1.80 eV. The observed transition can be ascribed to the
existence of oxygen vacancies, which enhance the mobility of electrons from the valence
band (VB) to the conduction band (CB) with increased efficiency [42].

2.2. XRD Analysis

The XRD analysis was ascribed to deduce the crystallinity, phase, crystallite size, and
composition of Fe;0y4, CdO, and Fe304-CdO NMs [43]. The XRD pattern of Fe3O4 reveals
the formation of magnetite with well-defined crystallinity. The observed different XRD pat-
terns in Fe304, CdO, and Fe304-CdO NMs are shown in Figure 2. In Fe30O4 NPs at an angle
(20), the observed major diffraction peaks were 30.38°, 35.57°, 40.88°, 43.24°, 53.68°, 57.45°,
63.04°, 64.11°, and 74.58° with corresponding crystal planes at (200) (311), (220), (400),
(422), (511), (440), (441), and (533), respectively, attributing to cubic structure in accordance
with Fe3Oy4 (JCPDS card no. 89-0691) [44]. The additional minor diffraction peaks were
observed at 26 values of 24.17, 33.21, and 49.55, corresponding to Miller indices (012), (104),
and (024), respectively, which resemble Fe;O3;. However, the major and highly intense
diffraction peaks observed confirm the formation of Fe304. The XRD pattern of pure CdO
annealed at 450 °C in angular range 26 from 10-80° is shown in Figure 2. The diffraction
patterns of CdO NPs showed crystalline behavior with five distinguishable peaks centered
at20 =32.84°, 38.29°, 55.29°, 65.90° and 69.27° corresponding to reflections from (111), (200),
(220), (311), and (222) crystal planes, respectively (JCPDS card no. 05-0640) [45]. The purity
of the materials obtained was further confirmed by the absence of any further impurity
peaks observed in the X-ray diffraction (XRD) spectra. The XRD patterns of Fe304-CdO NC
shown in Figure 2 exhibit no extra major peaks except diffraction peaks of Fe304 and CdO
NPs. In addition, there was no shifting of the diffraction peaks of as-prepared Fe;04-CdO
NC, thus determining the well-organized Fe304-CdO heterojunction without altering the
structure of Fe304 and CdO NPs. The crystallite size of Fe304, CdO NP, and Fe;0,4-CdO
was calculated using the Scherrer equation (D = 0.9A/3cos6), where A is the wavelength
of the radiation (0.154056 nm), {3 is the full width of half maximum (FWHM), and 0 is
the diffraction angle. The average crystallite size for Fe3sO4, CdO, and Fe3O04-CdO was
24.86 nm, 31.53 nm, and 28.30 nm, respectively.
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Figure 2. XRD patterns for Fe304, CdO, and Fe304-CdO NPs samples.
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2.3. FTIR Spectroscopy Analysis

Fourier Transform Infrared (FTIR) spectroscopy is a highly dependable and sensitive
spectroscopic method utilized to identify and detect prominent functional groups on the
surface of synthetic materials. The involvement of corresponding functional groups is
observed following the synthesis of CdO-NPs, forming a Fe;O4-supported CdO NC. The
FTIR spectral analysis was conducted in accordance with the methodology illustrated
in Figure 3. Figure 3 displays the primary peak intensities of Fe3O4, CdO, and Fe30y-
CdO NPs at specific wavenumbers: 3454.1 ecm 1, 2962.0cm 1, 1723.1 em™ 1, 1630.3 cm 1,
1384.7 em™!, 1270.3 em ™!, 1117.9 em ™!, 731.5 em ™!, 545.3 cm ™!, and 457.4 cm™!. The
peak intensity found at a wavenumber of 3454.1 cm~! can be attributed to the presence
of the hydroxyl (OH) functional group [46]. The broad spectral band corresponds to the
stretching vibration of O-H bonds within H,O molecules that are adsorbed onto the surface
of NPs. The observed peak at a wavenumber of 1630.3 cm ! can be related to the bending
and stretching frequency of the hydroxyl (OH) group. Similarly, the peak observed at
1384.7 cm~! can be attributed to the bending vibrations of carbon—carbon (C-C) bonds.
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Figure 3. FT-IR spectra for (a) Fe304, (b) CdO, and (c) Fe304-CdO NPs samples.

Additionally, the shift in peak intensities seen in the Fe30O4 NPs and FezO4-CdO
NC towards lower (blue) and higher (red) wavenumbers, respectively, provides further
confirmation of the successful synthesis of both CdO NPs and the Fe;04-CdO NC. The
stretching modes associated with the metal-oxygen connection can also be seen in the
spectral region of 400-600 cm~!. These observations provide evidence for the presence of
CdO NPs and the creation of a Fe304-CdO NC. The frequencies observed at values below
500 cm~! in the case of CdO NPs have provided evidence of the presence of chemical
bonding between the metal and oxygen atoms on the surfaces of the NPs [24]. Additionally,
these findings provide insights into the oxidation processes occurring on the surface of
the NPs.

2.4. Raman Spectra Analysis

Raman spectroscopy analysis reveals clear differences in peak patterns between the
two materials by examining specific molecular vibrations and rotations [47]. In this study,
the Raman spectra for the Fe304, CdO, and Fe304-CdO NCs are shown in Figure 4, which
shows the characteristics Raman peaks of these as-prepared samples, respectively. Based
on a comparative analysis of Raman spectra of the composite (Fe30,4-CdO) with virgin
samples (Fe3O,4 and CdO), the composite prepared in the present study can be confirmed
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as follows: Figure 4 shows the characteristic Raman bands at 672 and 346 cm ™! for Fe3Oy,
whereas the peak at 477 cm~! suggested the Fe-O vibration mode in Fe;O4. The Raman
band at 1381 cm ™! indicated that the D band of Fe30, may originate from defects on the
surface of Fe3O4 [48]. The two peaks at 193 and 255 cm ™! may be due to the oxidation
reaction during the Raman experiment [49]. As reported in earlier studies, there is Raman
spectrum inactivity for CdO. Therefore, the Raman explanation for CdO is quite difficult.
However, many studies have shown that the CdO also shows Raman spectra because of
structural disorder and resonance caused in the Raman process [50]. For current CdO, the
Raman spectra profile (Figure 4) shows three Raman bands at 260, 567, and 1094 cm~!.
These bands were attributed to second-order Raman scattering, as expected in CdO [51]. A
broad peak at 260 cm ! has been assigned as the 2TA(L) mode for CdO, a prominent feature
in the Raman spectrum of CdO [52]. The Raman band at 567 cm ! was assigned for E1
(LO). The peak around 1100 cm~ ! was reported earlier with CdO for 2LO phonon [53]. The
Raman spectrum for the Fe3O04-CdO NC is shown in Figure 4. In this spectrum, both CdO
and Fe;O4 peaks are visible; these confirm the formation of Fe304-CdO NC by interacting
with each other. Not much change was observed in the peaks of CdO as well as Fe30y,
which indicates that doping of CdO in Fe304 does not cause any change in their structure.
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Figure 4. Raman spectra for Fe3O4, CdO, and Fe304-CdO NPs samples.

2.5. SEM-EDX and TEM Analysis

The surface, morphology, and elemental composition of the prepared materials were
confirmed by SEM and EDX analyses and are depicted in Figure 5a—c, respectively. SEM
imaging analysis is effectively used to characterize heterogeneous solid inorganic and or-
ganic materials [54]. For present study, the SEM images (Figure 5a,b) showed the presence of
aggregated spherical structures resembling mushrooms in the Fe;04 NPs. However, there
was only a slight reduction in the accumulation of CdO on the surface of the Fe3O4 NPs.

The elemental composition of the pure Fe304 NPs indicates that they primarily consist
of iron (61.40%) and oxygen (38.60%). This significant presence of iron and oxygen is
evidence of the great purity of the synthesized Fe3O4 NPs [55]. According to the elemental
composition analysis of pure CdO NPs, it was determined that the NPs consisted of
77.86% Cd and 15.40% O. The presence of a Cd peak in the Fe304-CdO NC indicates the
production of a FeO-CdO NC, with elemental compositions of Fe (21.02%), O (35.63%),
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Cd (31.34%), and C (10.19%) [24]. The close examination of Figure 5 reveals the presence
of spherical clumps consisting of irregular-edged aggregated masses of Fe3O4 NPs. CdO
NPs may be observed through their adsorption onto the surface of Fe304 NPs, forming
a spherical mass. This adsorption occurs along an uneven edge in the CdO-supported
Fe304 NCs. The Image] software was utilized to determine the average particle size of
CdO, Fe304 NP, and Fe304-CdO, yielding measurements of around 32 nm, 53 nm, and
60 nm, respectively. The successful creation of CdO, Fe304 NPs, and Fe304-CdO NC is
confirmed by the comprehensive results obtained by investigating elemental composition

and surface morphology using EDX and SEM.
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Figure 5. SEM images and EDX analysis for (a) Fe3Oy, (b) CdO, and (c) Fe304-CdO NPs samples.
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To further study the microstructure of the Fe;04, CdO, and Fe304-CdO NMs, we
performed transmission electron microscopy (TEM) analysis. Figure 6a—c presents TEM
images of the Fe3O4, CdO, and Fe304-CdO NMs, confirming the formation of needle-
shaped Fe3O4 NPs, oval-shaped CdO NPs and Fe;04-CdO NC. Needle-shaped Fe;O4 NPs
have an average size of 70 nm, and CdO NPs have an average size of 41 nm. Figure 6d
shows the HRTEM image of Fe304-CdO NC and observed the lattice spacing of 0.54 nm
and 0.69 nm corresponding to the (311) plane of Fe304 and (111) plane of CdO, respectively,
confirming the formation and heterojunction of Fe304-CdO NC. The distinct lattice fringes
confirm the highly crystalline nature of Fe304, CdO, and Fe304-CdO NMs.

[E—,T, Y

Figure 6. TEM images of (a) Fe3Oy4, (b) CdO, (c) Fe304-CdO NPs samples, and (d) HRTEM lattice
fringe image.
2.6. XPS Analysis

XPS analysis of Fe304-CdO NC offers deep insight into the elemental composition and
valence state of the synthesized material. The XPS spectrum of Fe304-CdO NC shown in
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Figure 7a indicates the presence of major Fe, Cd, and O components. As seen in Figure 7b,
the 711.2 eV and 724.9 eV peaks can be fitted with Fe2p;3,, and Fe2p; /, configurations,
respectively [56]. The absence of satellite peaks also corroborates the assignment of the final
product to Fe3O4 rather than Fe;Os. This is a vital characteristic used to distinguish between
Fe304 (magnetite) and y-Fe;O3; (maghemite), since the two have the same crystalline
structure but differ only in the valence state of iron ions. In the Cd3d core-level scan,
Cd3ds5/; and Cd3dsz,, are located at 405.7 eV and 412.5 eV, respectively [57]. The Ols
peaks shown in Figure 7d are centered at 530 eV (low binding energy peak) and 532 eV
(higher binding peak). For the Ols spectrum, the lower binding energy peak centered at
530 eV corresponds to the O?~ bonded with iron. The peak at 532 eV, which corresponds to
oxide formation, dominates in the spectra and points towards the existence of O?~ ions in
the pure and Fe3O4-CdO lattice. XPS analysis confirmed the strong chemical interaction
between Fe;04 and CdO in the Fe;04-CdO NC. Thus, the FesO4 NPs are embedded
into the composite matrix through chemical conjugation with CdO rather than simple
physical adsorption.

(a) =, Fe,0,-CdO (b) Fe2p
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© 2 Fe2p;,
(711.2 ¢V)
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Figure 7. (a) Full scan XPS spectrum of Fe304-CdO NPs and core-level scan of (b) Fe2p, (c) Cd3d,
and (d) Ols.

2.7. Photocatalytic Activity of Fe304-CdO

The potential effectiveness of the Fe304-CdO NC in mitigating the photodegradation
of MB dye molecules under visible-light irradiation was investigated. Metal-doped NMs
are frequently employed to enhance the photocatalytic degradation of dye molecules [58].
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In addition, it is worth noting that heterogeneous photocatalysis has been used to detox-
ify air contaminants [59]. The photocatalytic activity of manufactured NPs is generally
associated with recombining electron-hole pairs in the reaction medium. Furthermore,
determining these parameters, including size, surface area, and radiation source, is crucial
to understanding the overall impact. This has been discussed extensively in previous
studies [60-63].

Nevertheless, bare cadmium oxide NPs (CdO NPs) exhibit a considerable bandgap
energy, rendering them unsuitable for utilization as a viable catalyst for visible light reac-
tions [64]. Hence, the surfaces of the Fe304-CdO NC, doped with CdO, exhibit promising
potential as a novel heterogeneous catalyst under visible-light irradiation. During this
investigation, the researchers used a prominent emission of Apax at 365 nm as a visible-light
source. This study employed a tungsten lamp with a power rating of 60 W to generate a
continuous spectrum of light ranging from 400 to 800 nm. The purpose of utilizing this
light source was to investigate the phenomenon of photocatalysis. The photodegradation of
MB molecules was visually detected through the physical manifestation of a color change,
specifically from blue to colorless.

Furthermore, it was observed that there was a gradual reduction in the peak intensity
at Amax, Namely at 670 nm, as the time intervals increased. The highest level of degradation,
amounting to 92.0%, was achieved following a 120 min exposure to MB dye molecules. This
was determined by analyzing the observed minimum or constant peak intensity, as shown
in Figure 8a. The percentage degradation over time at various intervals was determined
based on the collected data, as depicted in Figure 8b.
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Figure 8. (a) UV-vis spectra of MB dye under visible light and (b) degradation percentage of MB dye
Fe3O4-CdO CSNP.

Nevertheless, it has been observed that in CdO NPs (NPs), recombining electron—
hole pairs occur within nanoseconds, resulting in restricted photocatalytic effectiveness.
The enhanced electron transport observed in the CdO-supported Fe3O4 nanocatalyst can
be attributed to the disparity in work functions between Fe3O4 and CdO. Notably, the
augmentation of electron transfer is accomplished by doping CdO onto the surface of
Fe;04, whereby metal NPs function as electron sinks or become trapped on the surface
of NPs. Moreover, within a photolytic reaction involving an enriched reaction medium,
oxidative species (ROS) lead to a notable augmentation in the number of surface traps.
Specifically, the electrons are acquired from the catalytic surface of Fe3O4 and are employed
through Cd in the degradation of MB dye molecules [65].

2.8. Effect Photocatalyst Dosage

The photocatalytic properties of the Fe304-CdO NC are determined by the process of
photocatalytic degradation of Dye and MB molecules. Furthermore, this research inves-
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tigates the influence of several concentrations of photocatalysts, spanning from 10 mg to
40 mg, on a solution comprising 30 ppm of MB molecules at a pH level of eight while being
exposed to visible light irradiation. Typically, dye molecule photodegradation is character-
ized by the alteration or disappearance of color when subjected to visible-light irradiation.
This process involves the transformation of dye carbon molecules into biodegradable chem-
ical species that are less harmful, such as CO,, O,~, or H,O molecules [66]. Moreover,
to understand the photocatalytic process involving MB molecules comprehensively, we
employed the pseudo-first-order kinetics approach based on the Hinshelwood kinetic
model [67]. In the present study, the photodegradation kinetic curve of InC,/C; as a func-
tion of time (expressed in minutes) was obtained by employing different catalytic dosages
ranging from 10 mg to 40 mg. These data are illustrated in Figure 9a.
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Figure 9. Effect of (a) photocatalyst dosage, (b) MB dye concentration, (c) varying pH and
(d) reusability test.

Photocatalytic experiments of pure Fe3O0,4 and CdO NPs were performed as shown
in Figure S2 and the degradation efficiency of Fe;04-CdO NC was significantly better
compared to that of pure Fe304 and CdO NPs. The photodegradation of MB dye molecules
was more significant when the catalytic dose was increased to a numerical value of 40 mg.
The degradation experiment was also performed in the absence of Fe304-CdO NC and
negligible dye degradation was observed, as shown in Figure 9a. The catalytic dosage
was determined to be optimal for the photodegradation of MB molecules. The maximum
number of active sites is anticipated to be available, resulting in the highest catalytic
efficiency, as indicated by the rate constant, k, which was calculated to be 0.02345 min~!
(Table S1).

Figure Sla,b show the photocatalytic degradation curves of MB over pure Fe304 and
CdO NPs. A good linear correlation, In(C,/C¢) versus time, is obtained in Figure S1b, and
the rate constant of this catalytic reaction was found to be 0.0175 and 0.0113 /min for pure
Fe304 and CdO NPs, respectively. By comparing both cases, the Kapp value was found to
be the maximum for Fe304-CdO NC because an increase in the surface area and a reduction
in the particle size of Fe304-CdO NC caused an increase in the photoactivity. No reactivity
modifications were observed at the end of the reaction, which demonstrated the stability
of the photocatalyst. CdO deposition influenced the photocatalytic activity of Fe3O4
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NPs by capturing the photoinduced electrons and inhibiting the electron-hole (e~-h*)
recombination. This photo-induced reaction occurs at the surface of a Fe304 catalyst, which
was stimulated by the absorption of a photon with sufficient energy (equal to or higher than
the bandgap energy of the Fe3O,). The absorption leads to a charge separation due to the
promotion of an electron from the conduction band of the Fe3O, catalyst to the conduction
band of CdO and a hole from the valence band (VB) of CdO to the VB of the Fe3O,
photocatalyst, and this directs the efficient separation of the photo-generated electrons
and holes. The optical absorption capability or optical bandgap, minimal surface-to-
volume ratio, and photo-generated charge carriers are attributed to the improved catalytic
properties of Fe304-CdO NC. The increase in the photodegradation process observed when
utilizing Fe304-CdO NC as photocatalysts for the degradation of MB dye molecules can be
attributed to the achievement of an appropriate surface-to-volume ratio, which is applicable
within a small bandgap. This characteristic allows for effective photo-generated precursor
generation of charge carriers. Furthermore, during this investigation, we noted that a
catalytic dose of 40 mg exhibits optimal catalytic activity, resulting in enhanced mobility
and the highest production of photo-carriers from the bulk to the surface. This, in turn,
facilitates the maximum adsorption of dye molecules onto the active sites of the Fe304-CdO
NC, leading to a comparatively higher catalytic efficiency.

2.9. Effect of MB Dye Concentrations

The relationship between the initial concentration of MB dye and the efficiency of
photodegradation utilizing Fe304-CdO NC as a photocatalyst was determined by analyzing
the kinetics based on the pseudo-first-order kinetic model. The experimental procedure
involved measuring the plot of InC,/C; versus time (in minutes) under the condition of
a consistent catalytic dose of 40 mg, while the dye concentrations varied between 30 and
60 ppm. The pH was kept at 8 during the 120 min irradiation period. This information
is illustrated in Figure 9b. The degradation efficiency for different dye concentrations
at a consistent catalytic dose was determined using the experimental data. The optimal
photodegradation of MB dye was seen when utilizing 40 mg of Fe304-CdO NC with a dye
concentration of 30 ppm. Nevertheless, when the catalytic concentration remained constant
at 40 mg, and the concentration of MB fluctuated from 30 to 60 ppm, the likelihood of
binding contacts between the nanocatalyst and dye molecules on their active sites reduced.

Moreover, this phenomenon can be comprehended better by maintaining a consistent
catalytic concentration, whereby the highest number of accessible sites are utilized at
relatively lower concentrations of dye. Moreover, a higher concentration of dye molecules
has been found to result in an inhibitory effect due to catalytic poisoning and sedimentation,
as evidenced by the numerical values obtained for the percentage degradation efficiencies
and rate constant (k = 0.02345 min—!). During this investigation, we determined that the
most favorable concentration of dye was 30 ppm when combined with a catalytic quantity
of 40 milligrams (mg) under visible-light illumination.

2.10. Effect of pH

The investigation focused on examining the influence of pH on the photodegradation
of MB molecules while using the Fe304-CdO NC as a catalyst. The pH range explored
in this study spanned from pH 4 to pH 10. The data that were acquired were analyzed
using the kinetic pseudo-first-order approach by plotting C;/C, versus time (in minutes),
as depicted in Figure 9c. The experiment was conducted using visible light, with an
optimal dye concentration of 30 ppm and an optimal concentration of the catalytic Fe;O;-
CdO NC of 40 mg. The study examines the relationship between degradation efficiency
and MB dye molecules. It was shown that the highest degradation efficiency (%) of MB
molecules occurred at pH 8, followed by a decrease in photodegradation efficiency at
pH 10. Conversely, minimal dye degradation was detected in an acidic pH environment,
namely at pH 4. In this study, we examined the degradation of MB dye molecules through
photochemical processes, specifically by investigating the degradation rates at different pH
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levels. The observed degradation sequence was as follows: pH 8 < pH 10 < pH 6 < pH 4.
An increase in pH levels was reported to accelerate the photodegradation of MB molecules
on the active surface of the Fe304-CdO NC. This rise in degradation efficacy was detected
within the pH range of 4 to 8. However, a drop in the percentage of degradation efficacy was
observed at pH levels of 10. Moreover, the Fe304-CdO NC, which serves as a nanocatalyst,
exhibits a dual polarity and can dissolve in acidic and alkaline environments due to its
amphoteric properties. The pH dependence of nanocatalysts is generally attributed to
their surface properties. The degradation efficiency of dye molecules using nanocatalysts
is constrained while altering pH values, contingent upon these catalysts” active surface
charge characteristics. Nevertheless, the surface charge of the Fe304-CdO NC experiences
an augmentation when the pH values rise. This is attributed to the adsorption of OH™
ions, which leads to an intensified generation of hydroxyl radicals. Nevertheless, when the
pH is reduced, specifically at numerical values of pH 8, the MB dye molecules exhibit a
preference for occupying the nanocatalyst Fe;04-CdO NC. Furthermore, it has been shown
that when the pH values increase, there is a corresponding increase in the generation of
a more significant number of hydroxyl radicals (*OH). This increase in hydroxyl radicals
leads to enhanced degradation of MB. However, it is essential to note that the highest
degradation of MB occurs at a pH of 8. However, as the pH values increase, such as at pH
10, the electrostatic repulsion between the MB anion and the positive surface charge of the
Fe304-CdO NC becomes stronger. On the other hand, when the pH values are relatively
higher, there is a potential decrease in the breakdown of MB molecules because of the
limited diffusion of OH® formed at the surface towards the double layer, leading to low
concentrations of MB. This decline occurs in contrast to the direct charge transfer at the
optimal pH of 8. The decolorization efficacy was found to be at its maximum at a pH of
8; this was attributed to the electrostatic repulsion and direct charge transfer mechanisms.
However, the decolorization abilities were significantly reduced at pH level 10.

2.11. Recyclability Tests

The recyclability assessment of the produced Fe304-CdO NC as a nano photocat-
alyst was conducted subsequent to its demonstrated efficacy in the degradation of MB
dye molecules. In this study, we devised a recyclability test to assess the stability and
reusability of a manufactured Fe;O4-CdO NC under visible-light conditions. The objec-
tive was to evaluate its effectiveness as a nanocatalyst with regard to reducing MB dye
molecules. Consequently, the photodegradation of MB molecules was terminated, leading
to total degradation within 120 min in each cycle. Following each round of exposure, the
nanocatalyst was retrieved using centrifugation, subjected to a washing process including
100% alcohol and deionized water, and subsequently dried at a temperature of 70 °C in
an oven for one night. The nanocatalyst that had been gathered was introduced into a
recently created reaction solution containing MB dye to advance to the subsequent cycle.
The degradation of MB molecules was seen to occur in the presence of visible light after
four consecutive cycles. The degradation rates ranged from 78% to 92% within 120 min of
exposure. This degradation process was facilitated by using Fe3O4-CdO NC as nanocat-
alysts, as depicted in Figure 9d. The results obtained regarding the recyclability of the
Fe304-CdO NC highlight its potential as a nanocatalyst for the photodegradation of MB
dye molecules. Nevertheless, it is anticipated that the efficiency of the Fe;04-CdO NC as a
nanocatalyst will diminish after four consecutive cycles due to the inevitable loss of the
sample (Fe3O04-CdO NC) during each cycle’s collection and centrifugation procedures. In
general, the findings of this study indicate that the Fe;04-CdO NC exhibits recyclability
and can serve as a catalyst in the photodegradation of MB molecules. Furthermore, it
demonstrates a photocatalytic window that can effectively degrade various thiazine dye
molecules. To test the stability of the prepared material, the XRD analysis of the spent
catalyst was performed, and the results are shown in Figure S2. The XRD pattern of the
spent catalyst shows no significant change in phase after four cycles of reuse. Moreover,
we compared our findings with those of earlier studies, as illustrated in Table 1.
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Table 1. Literature survey concerned Fe304-CdO nNC in photodegradation of organic dyes and
pharmaceuticals.

Catalyst Dye ],)I;g;:((l;:g)n Degradation (%) Ref.
Fe304 MB 180 71 [68]
Fe;0,4 Congo red 60 77 [69]

Congo Red 120 100
Cdo Malachite Green 100 [70]
Crystal Violet 240 95
CdO/TiO, Reactive Orange 4 60 90.9 [71]
CdO-TiO, Imazapyr 180 96 [32]
Fe304/Zn0O Methyl Orange 60 93.6 [40]
Fe304/ZnO MB 120 88.5 [72]
Fe;0,@7Zn0O Rhodamine B 60 99.3 [60]
Fe304/ZnO MB 60 63.02 [73]
Fe304-CdO MB 120 92 Present work

2.12. Photocatalytic Degradation Mechanism

The proposed mechanism for the catalytic photo-assisted degradation of MB dye
molecules entails the generation of reactive oxidative species, such as superoxide radical
anion (O,~*), hydroxyl radical (*OH), electron (e~), and holes (h*), through a photolytic
reaction, as depicted in Figure 10. In the context of a photocatalytic reaction, a phenomenon
occurs whereby electrons residing in the valence band (VB) undergo excitation upon expo-
sure to light radiation, leading to their transition to the conduction band (CB). Consequently,
this process results in the generation of holes inside the valence band. The reduction reac-
tion taking place on the surface of the catalyst is assisted by the excited electrons present
in the conduction band (CB). In contrast, the movement of holes from the photocatalytic
surface drives the oxidation reaction. The process of photodegradation of dye molecules
involves both reduction and oxidation reactions [74]. In this study, we comprehensively an-
alyze the sequential reactions that occur following the photodegradation of MB molecules
using Fe304-CdO NC.
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Figure 10. Possible photocatalytic degradation mechanism of MB dye using Fe3O4-CdO under
visible light.
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It has been established that the formation of the stable intermediate(s) during the
degradation of MB depends on the nature of the catalyst as well as the oxidizing agents.
For example, the formation of different intermediates such as azure B, azure B, azure C,
and thionine were reported at Apax 655 nm, 638 nm, 618 nm, and 603 nm, respectively,
during the oxidation of MB with MnO,-SnO; [75], zerovalent Fe kmnOy [76], MnO,-
cellulose [77], and KMnOy [78] by using UV-visible and mass spectrometry. Figure 10 shows
that the intensity of MB (all absorption peaks) decreases as the reaction time increases,
which demonstrates the complete degradation of MB molecule (N-S conjugated system
with aromatic heterocyclic system, chromophore, and N-containing methyl groups on the
benzene rings, auxochrome) under photocatalytic degradation with Fe;04-CdO NC. The
presence of auto-generated reactive radical species (*OH radicals) might be responsible for
the complete degradation (decolorization and mineralization) of MB.

Consequently, it was anticipated that the Fe304-CdO NC, which is a semiconductor
photocatalyst supported by CdO, would experience excitation when exposed to visible—
visible light radiation at a lower energy level compared to the bandgap energy of CdO. In
addition to experiencing excitation, the process of electron (e™) transfer from the valence
band (VB) to the conduction band (CB) results in the creation of holes (h*) within the
VB. During this investigation, it was observed that when the nanocatalyst (namely, the
Fe304-CdO NC) is exposed to visible-visible light, it produces electrons in the conduction
band (CB) and holes in the valence band (VB), in accordance with Equation (1). The electron
generated in the conduction band (CB) combines with an oxygen molecule to form O,°~.
This photo-generated O, then undergoes further reactions with water molecules in a
mixed reaction media, resulting in the conversion to *HO, as described by Equations (2)
and (4).

Furthermore, the dissociation of VB results in the release of H* ions, which then
adsorb onto water molecules, leading to the formation of €OH radicals, as depicted in
Equation (2). In general, the degradation of MB molecules through the Fe;0,4-CdO NC is
mainly attributed to generating reactive oxygen species (ROS) via photochemical reactions.
This process may be described gradually, as shown by Equations (1)—(6), illustrating the
photocatalytic reduction process.

Fe;O3 — Cd + hv — Fe;O3 — Cd (ecp + hig) (1)
Fes05 — Cd(ecy ) + O = FesO3 — Cd + 03~ @)
Fe;03 — Cd (h{g) + HoO — Fe;03 — Cd + OH* (3)
05~ +H* = xpo, (4)

OH*, 05, *Ho, + MB — MB** + H,0O (5)

OH*, 0}, *Ho, + MB*" — MB deriv. + H,O + CO, (6)

Characterization analysis confirms that the present photocatalyst is a heterojunction
material that is formed through the conjugation of two different (Fe3O4 and CdO) semi-
conductors in the photocatalyst. The band-edge positions of these semiconductors in
heterojunction were found to be different from each other (Table 2).

Table 2. Band edge position of CdO and Fe3zO; in semiconductors in developed heterojunction.

S. No. Semiconductor X (eV) Eg (eV) Evs Ecp
1. Cdo 5.71 1.83 2.125 2.180
2. Fe304 5.73 1.90 0.295 0.280
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In order to investigate the position of the conduction band (CB) and valence band (VB)
edges in these semiconductors (CdO and Fe3Oy), the following equations were utilized [34]:

Ecp = x — Ee — 0.5Eg (7)

Evp = Ecp + Eg (8)

Here, the x is electronegativity for CdO and Fe3O4 in eV and the symbol “Ee” repre-
sents the energy of a free electron on the hydrogen scale, equivalent to 4.5 electron volts
(eV). The Eg reveals the energy bandgap of CdO and Fe3O;.

From the results shown in Table 2, it can be concluded that in the present photocatalyst,
due to the different positions of the band edge of semiconductors, a barrier is formed at
the interface of CdO and Fe;O,4 which may be responsible for the charge separation and
long-lasting electron-hole distribution.

In the context of a photocatalytic reaction, the phenomenon occurs whereby e~ resid-
ing in the VB of one side (i.e., CdO) undergo excitation upon exposure to light radiation,
leading to their transition to the CB. Consequently, this process results in the generation
of h* inside the VB of CdO. Notably, the heterojunction material (CdO-Fe3O;) is made of
type 2, which gives a better condition of the junction due to which these two radicals (e~ in
CB and h* inside VB) move on the other side (i.e., Fe304). This allows charge separation
and ease resistance of e~ -h* recombination. This leads to the distribution of e~ and h* at
interface of CdO and Fe30y. Therefore, the electric charge distributes on the entire surface
of the catalyst with minimum e~ -h* recombination and reacts with water molecules to
form free radicals.

These photo-generated free radicals such as e™, h*, O, ™, and ¢OH undergo further
reactions with dye molecules in a reaction media, resulting in the degradation of MB
molecules. This process may be described gradually, as shown by Figure 10, illustrating the
photocatalytic reduction process.

3. Materials and Methods
3.1. Materials

Ferric nitrate nonahydrate ([Fe(NOs);:9H,0]), Cadmium acetate-2-hydrate
([(CH3COO0),Cd-2H,0]), Cetyltrimethylammonium bromide ([(C1¢H33)N(CH3)3]Br), Am-
monium hydroxide solution 30-33% NHj3; in H,O (NH4OH), and Methylene blue
([C16H18CIN3S]). In addition, all chemicals used in this study were from Sigma Aldrich,
Louis, MO, USA. Deionized water was used throughout the experiments.

3.2. Preparation of Fe304, CdO and Fe304-CdO NPs

The synthesis of Fe30, and CdO NPs was conducted in the presence of a template
CTAB using a straightforward combined co-precipitation and combustion method. Two dif-
ferent ferric nitrate and cadmium acetate solutions were prepared in deionized water.
Subsequently, all solutions were stirred gently for a duration of 1 h individually to ensure
thorough homogenization while maintaining a constant temperature of 90 °C. Then, 30 mL
of CTAB (0.2 M) was individually introduced into the respective solutions, followed by
continuous stirring for a duration of 2 h at a temperature of 90 °C. Afterwards, ammonium
hydroxide solution was gradually added to the reaction, followed by the measurement
of hydrogen potential, denoted as pH, which was determined to be 12. The combustion
process was conducted for all solutions, and the resulting materials were washed several
times with water and ethanol, followed by drying at 80 °C for 24 h. The acquired material
was calcinated at a temperature of 450 °C for a duration of 4 h.

The Fe;0,4-CdO NC was synthesized using the one-pot approach, which involved
a straightforward co-precipitation and combustion process in the presence of a template
CTAB. During the experimental procedure, 5 g of ferric nitrate and cadmium acetate salts
was individually dissolved in 50 milliliters of deionized water. Subsequently, the two
solutions were combined in a single beaker and stirred for a duration of 1 h to ensure
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thorough mixing. Throughout this process, the temperature was maintained at 90 degrees
Celsius. A volume of 40 mL of CTAB (0.2 M) was introduced into the solution, followed
by continuous stirring for a duration of 2 h, ensuring the temperature remained constant.
Ammonium hydroxide solution was added to this reaction mixture to achieve a pH 12.
The combustion process of the reaction mixture was performed until a fine dark-brown
powder was formed. The acquired powdered material was washed with water and ethanol
and dried at 80 °C for 24 h. Ultimately, the powdered material was calcined for 4 h at
450 °C. Figure 11 shows a schematic illustration of the preparation of Fe304, CdO, and
Fe3O4—CdO NC.
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Figure 11. Schematic representation of the preparation of Fe304 NPs, CdO NPs, and Fe304-CdO NC.

3.3. Characterization

The crystalline nature and the purity of prepared nanomaterials (NMs), CdO, Fe3Oy,
and Fe304-CdO, were analyzed through X-ray diffraction (XRD). The XRD patterns were
recorded using a diffractometer (D8, Advance, Bruker, Germany) with Cu Ko (1.542 A)
radiation source in the 10-80 (20 diffraction angle) range. The FTIR spectroscopy technique
was employed to assess the involvement of functional groups in the reduction and surface
capping processes of CdO, Fe304, and Fe304-CdO. The measurements were conducted
using a Bruker Alpha spectrometer (Billerica, MA, USA), covering a wavelength range
of 4000400 cm~!. The scanning electron microscopy (SEM) (Bruker, Billerica, MA, USA)
equipped with energy-dispersive X-ray spectroscopy (EDX) (SEM-EDX) technique was
employed to analyze the surface morphology, size, and elemental composition of CdO,
Fe;04, and Fe304-CdO. UV-vis DRS measurements were conducted using a Perkin Elmer
spectrophotometer (Waltham, MA, USA) to monitor the optical characteristics of CdO,
Fe304, and Fe304-CdO. Transmission electron microscopy (TEM) analysis was performed
to determine the size and shape of the prepared NMs. X-ray photoelectron spectroscopy
(XPS) (ThermoFisher ESCALAB 250Xi spectrometer, Waltham, MA, USA) was used to
examine the chemical states of the materials at their surfaces. The Raman spectroscopy
analysis of CdO, Fe3Oy, and Fe304-CdO samples was conducted using a Raman microscope



Catalysts 2024, 14, 71

18 of 22

(Bruker, Billerica, MA, USA), operating within the 100 to 4000 cm~! spectral range at
ambient temperature.

3.4. Photocatalytic Analysis

The photocatalytic efficiency of CdO, Fe304 NPs, and Cd-supported Fe304 NCs
was evaluated in the presence of cationic MB dye. The experiments were conducted
utilizing visible-light radiation as the illumination source, employing a 500 W Xenon lamp
(Shilpent, Nagpur, India) equipped with an ultraviolet cut-off filter. The experimental setup
maintained a fixed distance of approximately 15 cm between the visible light source and
the dye reaction solution vessel. The experimental setup involved a photochemical reaction
in which 40 mg of prepared NPs were dissolved in 50 mL of a 30 ppm MB solution. This
solution was placed in a quartz reaction vessel with an outside cooling jacket to maintain a
consistent temperature. Before the commencement of the photodegradation method, the
reaction mixture underwent a stirring process for 30 min in a lightless environment, with
the aim of achieving an equilibrium solution within the photochemical reactor.

Furthermore, the pH of the reaction mixture solution was modified by adding a 0.05 M
NaOH solution. At regular time intervals of 10 min, a designated volume of the reaction
mixture (3 mL) was extracted. A centrifugation process was employed to achieve the
separation of the photocatalyst from the solution. Concurrently, the spectrophotometer
was utilized to measure the absorbance of the dye solution across the wavelength spectrum
of 200-800 nm. Moreover, several experimental parameters were adjusted for different
investigations, such as the concentration of dye, the duration of the irradiation, the pH
of the reaction mixture, the reusability of the photocatalyst, and the catalytic load. The
determination of the photocatalytic degradation of both dyes was conducted utilizing
Equation (9) [79,80].

Co—Ct
Co

The terms C, and C; are commonly used to denote the starting concentration and final
concentration of MB after the introduction of the photocatalyst.

% degradation = x 100 9)

4. Conclusions

The synthesis of CdO nanoparticles, magnetic Fe304, and nanocomposites of Fe3Oy-
CdO was carried out utilizing the solution combustion method, with CTAB serving as a
template. The materials show exceptional efficacy in the degradation of dyes by pho-
tocatalytic mechanisms. The present work introduces a methodology for producing
metal /semiconductor nanocomposites with exceptional stability. The approach involves
the creation of CdO nanoparticles on the Fe;O, surface during the production of CdO-
supported Fe;O4 nanocomposites, utilizing the combustion process. The Fe;04, CdO,
and Fe304-CdO nanomaterials were subjected to various analytical techniques for char-
acterization purposes. These techniques encompassed UV-DRS, XRD, XPS, FTIR, Raman
spectroscopy, TEM, SEM, and EDS. The deposition of Cd nanoparticles onto the surface of
Fe30O4 was confirmed through the application of X-ray diffraction (XRD) analysis, scanning
electron microscope-energy dispersive X-ray spectroscopy (SEM-EDX) micrographs. The
present study aimed to evaluate the photocatalytic efficiency of Fe304-CdO nanocompos-
ites through visible-light irradiation by investigating the photocatalytic decolorization of
MB under ambient reaction conditions. The experimental results suggest that composites,
including Fe3O4 and CdO, which were generated under simple reaction conditions, demon-
strate a substantial degree of catalytic efficacy. A novel photocatalytic system was devised,
utilizing a nanocomposite catalyst comprising Fe304-CdO. The study provided evidence
that the principal cause of degradation is attributed to the involvement of hydroxyl radicals
(*OH) via photocatalytic processes. Moreover, empirical evidence has substantiated that the
composite of Fe304-CdO demonstrates acceptable stability, enabling it to undergo multiple
recycling cycles. The nanocomposites composed of Fe30, and CdO demonstrate a notable
level of photocatalytic efficacy, making them a viable candidate for wastewater treatment.
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and dye concentrations.
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