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Abstract

A CdO-Zn0-Co304 ternary nanocomposite was synthesized via the co-precipitation method. Transmission electron microscopy (TEM) confirmed the
spherical morphology of the nanoparticles, with average particle sizes of 60.8 nm (Cd0), 51.8 nm (Zn0), 33.3 nm (Co0304), and a significantly reduced size of 13.82
nm for the nanocomposite. Crystallographic analysis revealed cubic structures for CdO and Co304, and a hexagonal structure for ZnO. Elemental composition was
validated through total reflection X-ray fluorescence (TXRF). Diffuse reflectance spectroscopy (DRS) was employed to assess the optical properties, including
reflectance and band gap energies. CdO and ZnO exhibited direct band gaps of 2.0 eV and 3.15 eV, respectively, whereas Co;04 presented two band gap
transitions at 1.0 eV and 1.43 eV, corresponding to charge transfers from 02~ to Co** and Co?* ions. The ternary nanocomposite demonstrated a narrowed band
gap of 1.4 eV. Photocatalytic testing against methylene red (MR) dye under UV irradiation showed a notable degradation efficiency of 33.5% within 30 minutes.

These results suggest that the CdO-Zn0-Co304 nanocomposite holds strong potential for application in wastewater treatment.

Keywords: XRD; TXRF; Band gap energy; Photocatalyst; CdO-Zn0O-Co304 Nanocomposite.

1. Introduction

Photolysis refers to the chemical decomposition of a molecule
triggered by the absorption of light energy. In the context of
nanocomposites, photolysis plays a vital role in understanding both the
degradation of the polymer matrix and the light-induced release of
embedded nanoparticles. This phenomenon is particularly significant for
nanocomposites containing semiconductor particles like TiO,, CeO2, or
ZnO, which exhibit photocatalytic behavior under light exposure. Such
materials find applications in self-cleaning coatings, environmental
remediation, and water purification. Researchers have explored a variety
of parameters that influence photodegradation, including polymer type,
nanofiller content, and light wavelength. Of particular concern is the
release potential of nanoparticles from polymer matrices under
illumination, which carries both functional and environmental
implications [1].

Transition metal oxides (TMOs) have garnered extensive research
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interest due to their tunable synthesis pathways and ability to form
multiple crystalline phases with varied metal-to-oxygen ratios. These
structural variations impact their physical properties and broaden their
application range [2,3]. Metal oxide-based nanocomposites are now
widely studied for their roles in energy-related technologies, including
solar cells, gas sensors, UV detectors, fuel cells, and batteries [4,5].

Cadmium oxide (CdO) is a well-known n-type semiconductor with a
direct band gap in the range of 2.2-2.5 eV. Its notable features—such as
low electrical resistivity and high transparency in the visible spectrum—
make it a strong candidate for various optoelectronic and catalytic
applications. These include solar energy devices, gas sensing, UV
absorption, and catalytic oxidation [6].

Zinc oxide (ZnO), another widely used n-type semiconductor, has
been extensively investigated for its potential in environmental and
energy applications owing to its high photoreactivity, non-toxicity,
chemical stability, and low cost. However, its relatively large band gap of
3.2 eV limits its photocatalytic activity to the UV region, which accounts for
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less than 5% of the solar spectrum. One effective strategy to enhance
visible light absorption and improve charge separation efficiency is the
formation of p-n heterojunctions by combining ZnO with other
semiconductors of narrower band gaps. ZnO’s versatility and tunable
nanoscale morphology have made it an ideal material for optoelectronics,
piezoelectric devices, nanosensors, and antibacterial surfaces. Its surface
characteristics, defects, and crystallinity significantly influence its
photocatalytic efficiency [7].

Cobalt oxide (C0304), a p-type semiconductor with a spinel structure,
exhibits multiple oxidation states (Co**, Co®*, and Co**), enabling a wide
range of functional properties. Co30, nanoparticles possess direct band
gaps around 1.48 eV and 2.19 eV and have been used in catalysis, gas
sensors, energy storage systems, and low-temperature CO oxidation. Their
multifunctional behavior arises from excellent optical, electrical, and
magnetic properties [8].

Recent studies have highlighted the synergistic effects of ternary
metal oxide nanocomposites in enhancing photocatalytic and
antimicrobial properties. For example, Saadabasi et al. synthesized a ZnO-
Ce0,-MgO composite using Ocimum basilicum L seed extract for biological
and photocatalytic studies [9]. Similarly, Kannan et al. explored a CdO-
CuO-ZnO nanocomposite synthesized via microwave irradiation,
demonstrating notable antimicrobial and dye degradation performance
[10]. Munawar et al. reported the antimicrobial activity of a NiO-CdO-ZnO
nanocomposite prepared through homogeneous co-precipitation [4].

Several synthesis methods have been employed to fabricate such
composites, including sol-gel [11], mechanical grinding [12],
hydrothermal [13], microwave-assisted [14], solid-state reaction [15], and
co-precipitation techniques [16]. Among these, the co-precipitation
method stands out for its simplicity, cost-effectiveness, ambient synthesis
conditions, and suitability for scaling [17].

In this study, we aim to investigate the structural, optical, and
photocatalytic properties of a CdO-Zn0O-Co30, ternary nanocomposite
synthesized via co-precipitation. By optimizing the synthesis conditions
and analyzing the resulting material, we explore its potential for use in
photocatalytic wastewater treatment applications.

2. Experimental Procedure
2.1. Materials

The following analytical-grade reagents were used without further
purification: cadmium nitrate tetrahydrate Cd(NO3)-4H,O0 (99%,
HIMEDIA), zinc nitrate hexahydrate Zn(NOs3),-6H,0 (99%, HIMEDIA),
cobalt nitrate hexahydrate Co(NO3),:6H,0 (98%, HIMEDIA), sodium
hydroxide NaOH (98%, HIMEDIA), and distilled water (DW).

€d (NO),.4H,0
Zn (NO,),.6H,0

Co (NO;),.6H,0

Calcination at 500°C for 2 h

2.2. Synthesis of CdO, ZnO, and Co304+ Nanoparticles

To synthesize CdO nanoparticles, 0.03 M of Cd(NO3),4H,0 was
dissolved in 100 mL of distilled water. A 0.1 M NaOH solution was added
dropwise to the mixture until the pH reached 7, followed by stirring for
one hour at room temperature. The resulting solution was stored
overnight in a sealed container. The precipitate was then washed
repeatedly with distilled water, dried at 100 °C for one hour, and ground
using a mortar and pestle to obtain a fine powder. This powder was
subsequently annealed at 500 °C for two hours to form CdO nanoparticles.
The same procedure was repeated using Zn(NOs3),-6H,0 and
Co(NO3),-6H0 to synthesize ZnO and Co30, nanoparticles, respectively.

2.3. Synthesis of Cd0-Zn0-Co5;0, Nanocomposite

For the ternary nanocomposite, equal molar amounts (0.03 M each)
of cadmium, zinc, and cobalt nitrates were dissolved in 300 mL of distilled
water under continuous stirring for 10 minutes. The synthesis followed
the same procedure described for the individual oxides. Before heat
treatment, the resulting precipitate appeared blue, turning black after
calcination. A schematic representation of the synthesis process is
provided in Figure 1.

2.4. Characterization

X-ray diffraction (XRD) analysis was conducted using an XD-2
diffractometer (CuKa radiation, A = 1.54 nm; 36 kV, 20 mA; China) at the
Yemeni Geological Survey and Mineral Resources Board to determine the
crystal structure. Elemental analysis was carried out using total reflection
X-ray fluorescence (TXRF) spectroscopy (S8 TIGER, Bruker, Germany).
The particle sizes and morphology of the synthesized samples were
evaluated via transmission electron microscopy (TEM, JEM-2100, JEOL,
Japan). Image analysis was performed using Image] software.

Optical  properties were assessed wusing a UV-Vis-NIR
spectrophotometer (Cary 5000, Model DRA-2500, JASCO V-750, Japan) in
the 400-700 nm wavelength range to obtain diffuse reflectance spectra
(DRS). Photocatalytic activity was studied using a UV-VISIBLE
spectrophotometer (UV-1650 PC, SHIMADZU, Japan) covering the 190-
1100 nm range, conducted at the Department of Chemistry, Faculty of
Science, Suez Canal University.

2.5. Photocatalytic activity

The photocatalytic efficiency of the synthesized samples was
evaluated by degrading methylene red (MR) dye under UV irradiation. In a
typical test, 20 mg of each nanoparticle (CdO, ZnO, Co30,, and the ternary
nanocomposite) was added to 100 mL of a 10 ppm MR aqueous solution in
a beaker. MR dye was selected due to its effective coloring properties,
relative environmental safety, and high biodegradability, making it a more
sustainable alternative to conventional dyes.
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Figure 1: Schematic illustration of the Cd0-Zn0O-Co30, nanocomposite synthesis procedure.



The suspension was stirred magnetically in a custom-built
photocatalytic reactor for two hours to establish adsorption-desorption
equilibrium. A 320-watt UV lamp positioned 30 cm above the solution was
then used to initiate photocatalysis. Aliquots of 5 mL were collected at 30-
minute intervals, centrifuged, and analyzed via UV-Vis spectrophotometry
to monitor the decrease in dye concentration through absorbance
measurements.

3. Results and Discussion

3.1 Structural Analysis

The XRD patterns of CdO, ZnO, Co30, nanoparticles, and their CdO-
Zn0-Co30, nanocomposite were recorded in the 26 range of 30°-80° (Fig.
2). The diffraction peaks are indicative of distinct crystal planes. Peaks at
33.4°, 38.8°, 55.8° 66.3° and 69.7° correspond to (111), (200), (220),
(311), and (222) planes, respectively, and match the JCPDS card #01-1049,
confirming the cubic structure of CdO [5,18]. For ZnO, peaks at 32.5°,
34.8°, 36.7°, 48°, 57°, 63.3°, 66.6°, 68.4°, 69.5°, and 73° align with (100),
(002), (101), (102), (110), (103), (200), (112), (201), and (004) planes per
JCPDS card #01-1136, confirming a hexagonal structure [17,19]. Co304
shows peaks at 31.6°, 37.2° 38.8°, 45.2° 59.7°, and 65.6°, which
correspond to (220), (311), (222), (400), (511), and (440) planes,
confirming a cubic spinel structure consistent with JCPDS card #042-1467
[1].

In the nanocomposite, ZnO exhibited the most intense peaks, while
CdO showed the weakest, suggesting that Coz0,’s low crystallinity notably
influenced the overall structural integrity. The crystallite sizes (D) were
calculated using the Scherrer equation [20]:

_0.92
" Bcosd
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where A is the X-ray wavelength, {8 is the full width at half maximum in
radians, and 0 is the Bragg angle.

Lattice constants for cubic and hexagonal systems, respectively, were
determined using Bragg's law [21]:
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Unit cell volumes were calculated as [22, 23]:
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Microstrain (€) and dislocation density (§) were estimated as [24]:
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Results are summarized in Table 1. The nanocomposite exhibited a
pronounced decrease in crystallite size, attributed to an increase in
dislocation density and strain. This reduction is attributed to greater
nucleation sites, interfacial disruptions, and impurity incorporation, which
hinder grain growth and stabilize smaller crystalline domains [1].

Table 1: Structural parameters of CdO, ZnO, Co30, NPs, and CdO-Zn0-Co30,
nanocomposite.

a c \ € 8 (x107%)
Samples
(nm) @A) @A) A% (x1073)  (Lines/nm?)
CdO NPs 3773 4.64 - 99.9 1.6 0.702
Zn0 NPs 3179 320 514 455 3.9 0.989
C0304NPs 3284 813 - 537.3 6.4 0.927
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Figure 2: XRD patterns of CdO, ZnO, Co304 nanoparticles and CdO-Zn0-Co304
nanocomposite.

3.2. Elemental Analysis

TXRF analysis confirmed the elemental composition of the Cd0-Zn0O-
Co30, nanocomposite. Results are summarized in Table 2. The
percentages align closely with the intended stoichiometry, indicating
successful incorporation of all three metal oxides.

Table 2: TXRF elemental analysis of Cd0-Zn0-Co304 nanocomposite.

Element % Metal Compound % Compound
Cd 18.79 Ccdo 23.8

Zn 38.66 ZnO 48.42

Co 21.35 Co304 27.2

0, 20.62 - -
Impurities:

(P, Si, S, Ca, Fe) 058 B 08
Total 100 - 100

€d0-Zn0-Co304 Nanocomposite

Cdo 26.25 4.63 - 99.25 4.7 1.541
Zn0 14.27 320 515 45.67 8.8 4.790
Co304 13.45 8.06 - 523.6 15.5 5.527

3.3. TEM Analysis

Figure 3 shows TEM images for CdO, ZnO, Co30,4 nanoparticles, and
the ternary nanocomposite. Spherical to semi-spherical particles were
observed across all samples. Using Image], average particle sizes were
calculated: CdO (60.8 nm), ZnO (51.8 nm), Co30, (33.3 nm), and
nanocomposite (13.8 nm).

Transmission electron microscope (TEM) images, as shown in Figure
3, display CdO, ZnO, and Co304 nanoparticles, as well as a CdO-Zn0-Co0304
nanocomposite. The TEM images show nanoparticles of varied shapes and
sizes. The TEM images of the samples in Figure 3 clearly show the
spherical and semispherical shapes of the prepared nanoparticles. Their
particle sizes were determined using the Image] program. The histogram
is plotted in Figure 4. The CdO-Zn0-Co0304 nanocomposite and CdO, ZnO,
and Co304 nanoparticles have particle sizes of 13.8 nm, 60.8 nm, 51.8 nm,
and 33.3 nm, respectively. The comparison selected area electron
diffraction (SAED) pattern for CdO, ZnO, and Co304 nanoparticles, as well
as the Cd0-Zn0-Co304 nanocomposite, is shown in Figure 5. The planes
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corresponding to different rings were found by using the ImageJ program
to calculate the d-spacing, which agrees well with the results of TXRF and
XRD. The circular fringes in SAED patterns indicate the polycrystalline
nature of the samples, and the diffraction rings matched with the XRD d-
spacing of CdO, ZnO, Co30s4 nanoparticles, and CdO-ZnO-Cos304
nanocomposite. This outcome aligns with that of Aziz et al. [17].

e T

Figure 3: TEM image of CdO, ZnO, and Co304 nanoparticles and CdO-Zn0-Co304
nanocomposite.
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Figure 4: Histograms calculated from TEM images for the of CdO, ZnO, and
Co304 nanoparticles and Cd0-Zn0-Co304 nanocomposite

3.4. Optical Properties

Diffuse reflectance spectra (Figure 6) revealed differences in
reflectance across the samples, with CdO and the nanocomposite
exhibiting higher reflectance than ZnO and Co30,. For the CdO-Zn0-Co0304
nanocomposite, the onset of reflectance occurred around 400 nm, within
the visible range.



The optical band gap (E;) was estimated using the Kubelka-Munk
function [25, 26]:
FR.Y = (1-R,)? @
where F(R,) is called the remission or Kubelka-Munk function and the
diffuse reflectance (R, ) of the examined samples R, = Rsample/Rstandard
[27]. Band gap values were determined from Tauc plots using:

(F(Rs) X hv)* = A(hv — E) 9)

The values of the optical band gap (E;) are obtained by plotting the
variation of (F(R.) X hv)? versus E (or hv) and extending the straight-
line range of these plots on the E axis and the obtained. Values are shown
in Table 3.

Cd0-Zn0-Co,0,
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.—L——uw)
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Figure 5: SAED patterns of CdO, ZnO, and Co304 nanoparticles and CdO-ZnO-
Co304 nanocomposite.
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Figure 7: The plot of (F(R)hv)? vs E (eV) for the direct band gap energy for the
prepared samples.

As shown in Figure 7 and Table 3, the optical band gap of CdO NPs
was 2 eV, corresponding to the direct transition from the valence band O
2p states to the shallow cores of d states of 4d for Cd [28, 29]. ZnO NPs
explored an optical band gap value of 3.17 eV, which is attributed to the

transitions from the filled valence O 2p orbitals to the empty conduction
Zn 4s orbitals, with the possibility of some Zn 4p orbitals [25, 30]. For the
Co304 NPs, Co?+ and Co3+ ions contribute to their electrical characteristics.
Different charge transfer processes can be attributed to the two band gap
energy values (Eg: and Eg2). The first one (Eg:), which is 1 eV, is associated
with the charge transfer transition from 02- ions to Co3+* ions. The
excitation of electrons from the valence band to a higher energy state
associated with Co3* makes this transition significant. The second value
(Eg2), approximately 1.43 eV, is associated with the change in ions from 02-
to Co?*, suggesting that, unlike the Co3* transition, the lower energy
transition involves a distinct electronic configuration and energy state.

Table 3: Optical band gap energy values of CdO, ZnO, Co304 nanoparticles, and
Cd0-Zn0-Co304 nanocomposite.

Sample Ey (eV)
cdo 2.00
Zn0 3.17
Co304 1.00,1.43
Cd0-Zn0-Co304 1.40

Although it is coupled to crystal size, it is not always directly
correlated with the band gap, which suggests that for certain materials,
other factors, such as surface states or structural integrity, may have a
more significant or negligible impact on the effects of particle size on
optical characteristics [31]. The CdO-Zn0O-Co304 nanocomposite has a
band gap value close to the second optical band gap of the Co304 NPs,
which was 1.4 eV. This result may be related to the fact that the Co304
oxide is the dominant oxide in the nanocomposite. Besides the optical
band gap of the nanocomposite, which is equal to that of Co304, the
crystallinity of the nanocomposite is as weak as that of Co30a.

On the other hand, ZnO oxide has the highest percentage, as
determined by TXRF measurements, and it also exhibits the highest peak
intensity in the X-ray pattern of the nanocomposite. These two results may
be related to the preparation conditions that led to the formation of ZnO in
the nanocomposite with a higher content than other oxides. Therefore, the
dominant oxide in the nanocomposite is C030s4+ and not ZnO. At the
interfaces of several metal oxides, new energy states may form, which
could explain the shift in the band gap (Ey) of the nanocomposite relative
to that of the individual metal oxides.

Photocatalytic activity is increased when the energy gap is reduced.
Photocatalysts with narrow band gap values can absorb a broader range of
visible light, which is important because the majority of solar radiation
falls within the visible spectrum, and photocatalytic activity is directly
correlated with efficient light absorption [1].

3.5. Photocatalytic Activities
3.5.1. Photocatalytic Mechanism

The photocatalytic mechanism of the Cd0-Zn0O-Co030,4 nanocomposite
under UV light irradiation is illustrated in Figure 8. Upon exposure to UV
photons with energy equal to or greater than the bandgap of the
nanocomposite, electrons (e7) in the valence band (VB) of each component
semiconductor (CdO, ZnO, Co30,) are excited to their respective
conduction bands (CB), leaving behind positively charged holes (h*) in the
VB. The charge separation and subsequent migration are facilitated by the
formation of heterojunctions between the n-type (CdO and ZnO) and p-
type (Co30,4) semiconductors.

In this ternary system, ZnO with its higher conduction band edge
serves as an electron donor to CdO and Co304, while Co30, effectively
accepts holes due to its suitable VB position. This directional movement of
photogenerated charge carriers minimizes recombination rates and
enhances photocatalytic activity.

The photogenerated holes (h*) react with water molecules or surface
hydroxyl groups to form hydroxyl radicals (¢OH), which are highly
oxidative. Simultaneously, conduction band electrons reduce adsorbed
molecular oxygen (0:) to generate superoxide radicals (Oz¢”). These
radicals further interact to form additional reactive oxygen species (ROS)
such as hydrogen peroxide (H,0;) and more hydroxyl radicals,
significantly contributing to the degradation of organic pollutants like



methylene red (MR). The comprehensive mechanism includes the
following reactions [32]:

Cd0-Zn0-Co30, +hv—- e~ +h* (10)
h* + H,0 - «OH + H* 1)
e +0;- 0,0 (12)
0,¢” +H* - «HO, - H,0, —» «OH (13)
*OH + dye (MR) - degradation products (14)

This synergistic interaction among the three oxides enhances the
generation of active radicals, thereby improving the overall photocatalytic
performance of the nanocomposite.

Oxidation Reaction
o
-75eV

| o D ', i8
bbbt b b b '.W

H,0

Co;0, Cdo In0

Figure 8: The mechanism of the photocatalytic process for the Cd0-Zn0-Co304
nanocomposite under UV irradiation.

3.5.2. Photodegradation and Catalyst Concentration
Effect

The photodegradation behavior of MR dye under UV irradiation at
320 nm in the presence of the CdO-Zn0-Co30, nanocomposite catalyst
was assessed over varying time intervals. As depicted in Figure 9, the
absorbance of the MR solution gradually decreased, indicating progressive
degradation of the dye. The maximum absorption peak at 419.8 nm,
characteristic of MR, diminished significantly after 30 minutes of
exposure.
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Figure 9: Absorbance spectrum of the CdO- Zn0-Co304 nanocomposite for MR
dye under UV irradiation.

The degradation efficiency was quantified using the relation [33]:
; 4, - A)
Degradation % = — |* 100 (15)
0

where A, is the initial absorbance (at time zero) and A, represents
absorbance after a particular time. The data revealed a degradation
efficiency of approximately 33.4% within 30 minutes (Figure 10A). This
modest degradation rate may be attributed to factors such as limited
active site availability, suboptimal light penetration due to the MR
concentration, and recombination of charge carriers. Several factors,
including catalyst concentration, influence the observed photocatalytic
performance. At optimal concentrations, more active sites are available for
photon absorption and redox reactions. However, excessive catalyst
loading can lead to light scattering and shielding effects, which reduce
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photon penetration and the overall reaction rate. Because light shielding
effects caused by higher pollutant concentrations can result in reduced
efficiency, as not all dye molecules are exposed to the light required for
degradation [34]. The present photocatalytic degradation efficiency is
compared with some metal oxide nanocomposites (Table 4).

Table 4: Comparison of photocatalytic activity of some metal oxide
nanocomposites

Light Time

. .
Sample Dye Source Efficiency (i) Ref.
Ce0,/PAM MB uv 65% 15 [35]
Ce0,/GO/PAM MB uv 53% 15 [35]
Ce0,/GO/PAM/AO MB uv 49% 15 [35]
Ce0,/GO/PAM/AgNO;  MB uv 46% 15 [35]
Zn0/Ce0; (99:01) MO Vl‘isg}kl’ie 39.5% 30 [36]
Zn0/Ce0,(99:01) MB Vl‘isg‘}l:ie 34.7% 30 [36]
Zn0/Ce0,(99:01) Phenol Vl‘isg‘}kl’ie 33.5% 30 [36]
€dO-Ni0 RhB uv 78% 20 (371
€d0-Zn0-Co;0, MR uv 33.4% 30 This
study

MB: Methyl Blue, MO: Methyl Orange, RhB: Rhodamine B, and MR: Methyl Red.

Reaction kinetic models can be used to explain the time-dependent
relationship between system operating parameters and the rate at which
organic pollutants degrade or microorganisms become inactive. We can
use the following relationship [1] to calculate pseudo-first-order kinetics.

C:
In (—) = Kt (16)
Co
where C, is the concentration before light irradiation, C, is the

concentration at the time, and K is a first-order constant. When In (z—”) is
t
plotted against time, ¢ (Figure 10B), the slope of the straight-line segment
yields the value of K. A linear relationship was observed when plotting
In (%) versus time (Fig. 10b), with the rate constant K calculated as
t
0.00271 min™*. This value suggests a relatively slow degradation rate
under the tested conditions, which could be improved through

modifications such as increased catalyst loading, optimized dye
concentration, or adjusting the light intensity.
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When compared with other nanocomposite systems (as shown in
Table 4), the current photocatalyst demonstrates moderate activity.
However, its ease of synthesis, structural stability, and reduced band gap
energy highlight its potential for further development and application in
wastewater treatment.

4. Conclusion

In this study, CdO, ZnO, and Co304 nanoparticles, along with their
mixed ternary oxide nanocomposite CdO-Zn0O-Co304, were successfully
synthesized via the co-precipitation method. XRD analysis revealed a
significant reduction in crystallite size for the nanocomposite compared to
the individual nanoparticles, indicating effective integration of the phases.
The elemental composition, as confirmed by TXRF analysis, aligned with
the structural phases observed in XRD. TEM imaging showed uniformly
distributed spherical particles, while SAED patterns validated the
polycrystalline nature of the samples. Optical characterization using
diffuse reflectance spectroscopy revealed that the nanocomposite
exhibited a reduced band gap of 1.4 eV, enhancing its ability to harness UV
light. Photocatalytic performance testing against methylene red dye
demonstrated a degradation efficiency of 33.5% within 30 minutes of UV
exposure, affirming the potential of CdO-Zn0-Co30, as a promising UV-
active photocatalyst for wastewater treatment applications.
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