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Abstract
Catalysis research has turned its attention to improving optical and charge transfer materials

by combining doping and interfacial engineering. Cobalt-doped ZnO/CoO (CZnO)
heterostructures were created in order to accomplish an effective photocatalytic process for
the breakdown of methylene blue dye. Successful cobalt incorporation and heterojunction
development were confirmed by XRD analysis, which showed changes in diffraction peaks
and the appearance of distinctive Co304 peaks.The crystallite sizes for pure ZnO and the
doped heterostructure were detected as 26.3 nm and 10.7 nm, in the order given. High-
resolution TEM images showed sharp lattice patterns with d-spacings of 0.273 nm for ZnO
and 0.241 nm for CosQs, further verifying the interface formation. CZnO particles exhibited
nanoscale dimensions ranging from 27 to 50 nm. Surface morphology analysis via FESEM
and elemental mapping through EDX confirmed a uniform distribution of cobalt and the
absence of impurities. UV-vis DRS technique indicated improved light absorption and a
notable reduction in band gap energy upon cobalt doping, with indirect bandgaps of 3.05 eV’
for ZnO and 1.71 eV for CZnO. Photoluminescence (PL) spectra showed decreased emission
intensity for CZnO, suggesting efficient charge separation at the heterojunction interface.
The photocatalytic performance of CZnO showed a 4.5-fold increase in the degradation rate
of methylene blue (k = 0.141 min™') compared to pure ZnO (k = 0.031 min™), attributed to
enhanced optical and charge transport properties. The results confirm the potential of the
porous CZnO heterostructure, prepared via a straightforward combustion method, for

scalable photocatalytic applications.

Keywords: Extrinsic defect, intent contact; optical property;, combustion; photocatalysis

Il



CHAPTER ONE
1. Introduction
1.1. Background of study
With the rising of stable and environmentally harmful organic contaminants are released into

waterways, endangering aquatic systems and human health (Mohamed Reda et al., 2017).
One of the dangerous organic pollutants utilised in many different sectors is methylene blue.
One promising method of wastewater filtration is important for semiconductor oxides use to
reduce organic contaminants (Naveenkumar et al., 2024). Through sophisticated oxidation
processes, zinc oxide (ZnO and titanium dioxide (TiO2) are best semiconductor metals for
oxidizing living thing contaminants. One of the broad band-gap materials with great
chemical stability, low cost, and non-toxicity is ZnO (Oukacha et al., 2024). However, a
single ZnO photo-catalyst that have the recombination of electron and holes is highly
efficient only under UV irradiation, has photo-corrosion properties, has a low surface area,
and has low light absorption properties (Abebe et al., 2024; Alshaikh et al., 2021). Therefore,
doping with extrinsic impurities and heterojunction engineering are essential modifying
techniques for minimizing ZnO's disadvantages.

The ionic radius of cobalt ions (0.058 nm), a soft acid, is very close to that of zinc ions (0.060
nm), which allows cobalt to easily integrate into the ZnO lattice (Meky et al., 2025). Cobalt is
incorporated into the ZnO lattice to modify its band gap and enhance its tendency to absorb
Expanded light spectrum .(Yang et al., 2025). Doping with cobalt introduces tail states near
the ZnO valence band, which not only reduces the band gap but also allows catalytic
activation of nearly 40% of the solar energy received by Earth (Deshapriya & Munaweera,
2024). Furthermore, the production of the C030s-ZnO heterojunction, the d-d transition, and
the sp-d strong exchange interaction improve the optical and charge transfer characteristics
(Karpyna et al., 2024). The empty d-orbitals in the cobalt ion's electronic structure allow it to
readily capture electrons within the ZnO structure and speed up electron transfer processes.
(Meky et al., 2024). Through charge transfer, the CoOs-ZnO heterojunction's construction
also improves the catalytic property. Alshaikh et al. used the catalyst of the CoO4/ZnO p-n
junction to successfully oxidize ciprofloxacin. Photon-induced charge separation and band
gap energy reduction were observed in this study (Alshaikh et al., 2021). It was detected that
that the electron transport band in ZnO closely aligns with the lower energy electron band of
Co00s4, promoting hole migration from ZnO to CoO4 and electron migration in the opposite

direction (Tien & Chen, 2023). Its electronically configured partially filled 3d orbitals give it



excellent charge transfer capabilities in addition to its band edge potential compatibility (Luo

et al., 2025).

Co-precipitation was used in earlier research to create cobalt doped nanomaterials. Cobalt
inclusion into the zinc oxide crystalline structure was verified by a change in XRD peaks
towards higher angles. Three d-d transition peaks at longer wavelengths were identified by
UV-vis DRS analysis, suggesting the development of intermediate energy levels inside the
ZnO band gap. With the showing a pseudo-first-order-rate pattern and a maximum reaction
constant of 0.0387 min™’, these materials demonstrated enhanced photocatalytic degradation
of ciprofloxacin. (Meky et al., 2025).the fabricated cobalt-doped ZnO quantum dots (QDs)
for degrading methylene blue solution. The achieved a high degradation rate coefficient of
0.43 min™', attributed to cobalt doping and enhanced optical characteristics. Interestingly, the
absence of cobalt peaks in the XRD patterns confirmed successful doping without forming

separate cobalt phases (Chatterjee et al., 2023).

C0304/Zn0 heterojunctions were created by Mohamed Reda et al. through the simple solid-
state reaction method. As previously reported, the charge transfer reprocess was aided by the
development of a CoO4/ZnO heterojunction, which demonstrated a five-fold increase in
degrading capability relative to single ZnO. The formation of distinct CosO4 peaks in XRD
patterns confirmed heterojunction formation. HRTEM analysis showed well-defined lattice
fringes for ZnO (101) and CoOs (311) planes with d-spacing measures 0.248 nm and 0.244
nm, in the same order. (Mohamed Reda et al., 2017). Similarly, Alshaikh et al. employed a
one-pot sol-gel method to synthesize CoOs/ZnO materials for ciprofloxacin degradation. The
materials demonstrated improved light absorption in the visible range and electron transfer
due to the formation of a p-n heterojunction (Alshaikh et al., 2021). According to these
literature reviews, in-depth studies have been conducted separately on cobalt doping in ZnO
and on Co:04/Zn0O heterojunctions, very few reports explore the simultaneous formation of
both in a single synthesis process. Furthermore, there are no detailed studies on cobalt-doped

ZnO combined with CoOa4 heterostructures for degrading methylene blue dye.

To address this gap, the present work focuses on the production of a cobalt-doped with
Zn0O/Co04 (CZnO) heterostructure for the efficient breakdown of methylene blue. XRD
analysis revealed both a peak shift (indicating cobalt incorporation) and distinct peaks

corresponding to CosO4 and ZnO, confirming lattice doping and heterojunction formation.
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HRTEM analysis further validated the presence of individual ZnO and CoOs crystal phases
based on measured d-spacing values. Enhanced optical properties, efficient charge separation,
and broader light absorption were observed due to the combined effects of doping and
heterostructure formation. UV-vis DRS revealed a narrowed band gap, while
photoluminescence (PL) spectra displayed diminished emission , showing decreased
recombination with enhanced carrier mobility. It is discovered that CZnO has a far higher

capacity for degrading methylene blue dye than does single ZnO.

1.2. Statement of the problem
Here are some potential problem statements that could guide the r esearch was many. As the

rise of textile industries the water was polluted .synthetic methylene blue dyes risk for human
health and for a animals The synthesis of Co-doped ZnO/Co0304 heterostructures was face
challenges related to achieving uniform distribution, phase purity, and optimal morphology.
The stability of the synthesized Co-doped ZnO/Co304 heterostructure under operational
conditions (e.g., light exposure, pH, and temperature) will be critical for practical
applications. The environmental implications of synthesizing and utilizing Co-doped
Zn0O/Co0304 heterostructures for dye degradation were considered. There is a need for
systematic comparative studies between Co-doped ZnO/Co0304 heterostructures and other

existing to catalysts to evaluate their effectiveness in methylene blue dye decline.

1.3. Objectives of study
1.3.1. General objective
The general objective of this study is to synthesize and characterize Cobalt Doped doped

Zn0O/Co0304 heterostructures for photocatalysis applications.

1.3.2. Specific objectives
e To prepared Co304 and ZnO NPs

e To prepared Cobalt doped ZnO/Co304HSs

e To characterize the synthesized NPs and heterostructures using best analytical
methods such as XRD, DRS-UV-vis, PL, FTIR, and SEM.

e To analyze the methylene blue dye reduction capabilities of synthesized NPs and

heterostructure nanomaterials.



1.4. Significance of the study
The studying the investigate of Co-doped ZnO/Co0304 heterostructures for methylene blue

dye reduction applications was articulated through several key points: Methylene blue is a
common pollutant in wastewater, particularly from textile and dye industries. Investigating
Co-doping in ZnO helps clarify the role of metal ion incorporation on the material’s
properties. The creation of heterostructures was enhance photocatalytic performance through
synergistic effects between different materials.This study contributes to the growing field of
heterostructured photo catalysts. If successful, this research was lead to the development of
scalable synthesis methods for producing Co-doped ZnO/Co304 heterostructures.

The study was aligns with the rules of green chemistry by promoting the importants of
photocatalytic processes to employ solar power to facilitate chemical changes . This approach
reduces reliance on harmful chemicals and energy-intensive methods for dye degradation.
Advancements in the synthesis and characterization of novel materials like Co-doped
Zn0/Co304 heterostructures was contributed to the field of material science, paving the way
for new discoveries Protect for human health and the use of nano materials are important for

the synthesis of co-doped ZnO /Co0304 hetrostructures

1.4. Scope of the study
The researcher presented in this thesis report focuses on the synthesis and characterization of

Co-doped ZnO/Co304 hetrostructures aimed at enhancing catalytic activity for various
chemical reactions. I investigate the Co-doping of zinc oxide (ZnO) wih Cobalt (Co) to create
a synergistic effect that improves the catalytic properties of material. by combining ZnO
with Co30s , a transition metal oxide known for its catalytic capabilities , the study explores
the potential of this hetrostructure to facilitate reactions such as oxidation and reduction
processs. Through a series of synthesis methods, including sol-gel techniques, various
compositions and morphologies of the hetrostructure are developed and analyzed. Analytical
methods such as X-ray Diffraction (XRD), Scanning Electron microscopy (SEM) and UV-
Vis spectroscopy are employed to evaluate the structural and optical properties of the

synthesized materials



CHAPTER TWO

2. Literature review
2.1. Fundamentals of Doping and Heterojunctions
A crucial method in semiconductor technology is doping, which is the intentional
introduction of impurity atoms into a host lattice to change its optical, chemical, or electrical
properties. This method is essential for customizing materials for particular purposes,
particularly in photocatalysis. Dopants can create new energy states in a semiconductor's
bandgap, which can improve electrical conductivity and enable more effective charge

transport, both of which are necessary for increased catalytic activity. (Karamat et al., 2024).

When two distinct semiconductor materials pare combined, heterojunctions are created,
which have special electrical characteristics that can greatly improve catalytic performance.
Heterojunctions can enhance charge separation and active site stability in catalysis, increasing
the efficiency of a variety of processes. (Balapure et al., 2024). The ability to combine
materials at the nanoscale enables the precise tuning of both electronic structure and
morphology, which is highly desirable for a wide range of catalytic process (Khan et al.,
2019).

ZnO nanoparticles can be produced using a variety of methods, including sol-gel processing,
chemical vapor deposition, and hydrothermal synthesis. (Raha & Ahmaruzzaman, 2022).
Because of its favorable band edge locations—its valence band is below the oxidation
potential of oxygen and its conduction band is above the reduction potential of water—ZnO
is especially effective among semiconductor materials, enabling effective redox reactions
under radiation. There are several ways to create ZnO nanoparticles, including sol-gel
processing, chemical vapor deposition, and hydrothermal synthesis. (Ali et al., 2024;

Goncharuk et al., 2010).

The sol-gel method is the best method as a result of its straightforward procedure, cost
efficiency, and tendency to manufacture materials within well-controlled size, morphology,
and composition. This method typically results in ZnO nanostructures with high surface area
and customizable properties, degrading their photocatalytic activity. (Irede et al., 2024).
Different types of semiconductor heterojunctions—such as type-I, type-II, p—n junctions, and

Z-scheme systems—are often employed to improve the separation and mobility of light
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releasing electron-hole pairs. These heterostructures, along with their mechanisms for

photoinduced charge transfer, are often illustrated schematically (Ren et al., 2020).
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Figure 1. Schematic representations of heterostructure band alignments: (a) Type-I, (b) Type-
I, (¢) p—n junction, and (d) Z-scheme configuration (Ren et al., 2020).

2.2. Doping
Doping in semiconductors is generally classified into two types: n-type and p-type. In n-type

doping, dopant atoms with more valence electrons than the base materials that are introduced,
contributing free electrons that enhance conductivity. In contrast, p-type doping involves
atoms with fewer valence electrons, resulting in the formation of electron-accepting "holes"
that facilitate charge movement. (Wei et al., 2024). Beyond altering electrical properties,
doping can also influence the physical characteristics of materials, including changes in
surface morphology, generation of structural defects, and enhancement of surface area—all
of which can significantly improve catalytic efficiency. (Barick et al., 2010; Leimane et

al., 2025).

The choice of dopant is crucial, as it directly affects the semiconductor's performance.
Transition metals such as cobalt (Co) are widely used in doping ZnO due to their ability to
introduce intermediate energy levels within the bandgap. These new levels can serve as
stepping stones for charge transfer, boosting reactivity and enhancing photocatalytic activity
(Keshari et al.,

2021).



2.2.1. Cobalt-doped zinc oxide
Because it combines the inherent qualities of ZnO with the advantageous effects of cobalt

doping, cobalt-doped ZnO (Co-ZnO) is of great interest in photocatalysis. The replacement
process of Co ions into the ZnO lattice, which alters its electronic structure and is essential
for efficient photocatalysis. (Singh et al., 2023). Several analytical techniques can be used to
verify that cobalt ions are fully embedded in ZnO crystals. X-ray diffraction (XRD)
techniques typically reveals a shift in diffraction peaks due to lattice distortion caused by the
dopant. Additionally, UV-visible diffuse reflectance spectroscopy (DRS) often shows broader
absorption bands at longer wavelengths, indicating enhanced visible light response and the
presence of new energy levels associated with cobalt doping . (Ji et al., 2018; Kaphle & Hari,
2017), as illustrated in Figure 2a and 2b.
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Figure 1. (a) XRD pattern and (b) the UV-vis spectrum Co-doped ZnO nanomaterials (Ji et
al., 2018; Kaphle & Hari, 2017).



The sol-gel method is used approach for fabricating Co-doped ZnO nanostructures due to its
versatility in supporting both the morphology and composition of the final material. This
process involves dissolving metal precursors in a solvent to form a homogeneous sol, which
then undergoes gelation. Subsequent thermal treatment transforms the gel into a crystalline
material. Co-ZnO synthesized via this route typically exhibits improved photocatalytic
performance, attributed to increased surface area and finely tunable structural properties . (Qu

et al., 2025).

2.3. Cobalt-Doped Zinc Oxide/ Cobalt Oxide Heterostructures

The development of Co-ZnO/CosO+ heterostructures via sol-gel methods represents a
promising approach for enhancing catalytic performance in various reactions, including dye
degradation applications such as methylene blue degradation. The formation of
heterostructures allows for improved charge separation and stability, which are critical factors

in catalytic efficiency. (Yakushova et al., 2025).

Research has shown that Co-ZnO/CosOs heterostructures manifest excellent catalytic
reactivity relative to their alone constituents. The incorporation of CosO4 not only boosts the
catalysts reactivity but also improves its durability and recyclability under working
conditions. (Markhabayeva et al., 2023). The mutually enhancing effect between ZnO and
Co30a4 facilitates mor efficient charge shift and increases the density of catalytically catalytic

region .

Under light irradiation , the heterostructure undergoes photoexitation , where electrons are
elevated to the higher energy band (CB) of ZnO, generating electron hole in its lower energy
band (VB). When ZnO and Co;04 come into contact , their Fermi levels realign to reach
equilibrium, forming in the production of interface depletion layer . This occurs due to the
movement of charge carrirs across the junction via both diffusion and drift process .
following band alignment , electron generated in Co:Oa4 to ZnO, while holes migrate from
ZnO to to CosO4 VB . this bidirectional charge separation happens naturally , without the
need for external voltage and plays a crucial role in enhancing the photocatalytic efficiency of
the hetrostructure. (Markhabayeva et al., 2023). This charge electron transfer techniques ,

illustrated in Figure 3, is key to the enhanced catalytic performance of the heterostructure.
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Figure 3. Schematic illustration of the ZnO/Cos;04 heterojunction and the associated charge

transfer mechanism (Markhabayeva et al., 2023).

2.4. P-N Junctions
P—N junctions are interfaces produced between p-type and n-type semiconductors, resulting

in a depletion region with distinct electronic behavior. These junctions are critical in various
electronic and catalytic applications due to their ability to regulate charge carrier movement.
In Co-ZnO/Cos04 heterostructures, A p—n junction, which is formed at the interface of n-type

ZnO and p-type Cos0s, is essential for enhancing charge carrier separation and transport .

(Dagareh et al., 2024).

The p—n junction effectively facilitates the dissociation of light-induced electron —hole pairs,
minimizing their recombination and reducing the lifetime and mobility of charge carriers..
This mechanism is particularly beneficial in catalytic applications where efficient charge
transfer is essential for enhancing reaction rates. The presence of a p-n junction can lead to
improved catalytic performance due to enhanced electron mobility and increased active sites

for reactions. (Dagareh et al., 2024).

The production of Co-ZnO/Co304 heterostructures through sol-gel methods offers a pathway
for developing efficient catalysts for methylene blue dye degradation. The unique properties



imparted by doping, combined with the advantages of heterostructuring and p-n junction
formation, make these materials suitable for enhancing catalytic performance in
environmental remediation processes . (Mohamed Reda et al., 2017). Based on the DRS UV-
vis and Mott—Schottky plots analysis Nguyen et al. developed ZnO-Co304 heteojunction and
charge transfer mechanism. Figure 4a Prior to contact, display the bandedgare potentials of
ZnO and CO;04. Following contact, ZnO's energy levels shift downward and Co3O4's
electronic state shift upward until their Fermi levels are equal. Consequently, as illustrated in
Figure 4b, p—n junctions are created at the ZnO—Co304 contact, and electron transport takes

place (Nguyen et al., 2024).
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Figure 2. ZnO—Co304 heterojucnction mechanism befor (a) and after contact.
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CHAPTER THREE
3. Materials and Methods
3.1. Materials
The main metal precursors in the synthesis procedure were zinc nitrate with six water

molecule [Zn(NOs)26H20, 99.5% purity] and cobalt nitrate with six water molecule
[Co(NO3)226H20, 99.5% purity]. The capping and stabilizing ingredient was polyvinyl
alcohol (PVA), which has a molecular weight between 85,000 and 124,000. Methylene blue

dye is one example of a synthetic pollutant that has been used.

3.2. Synthesis of Nanomaterials
An easy sol-gel auto-combustion method was used to create the ZnO and CZnO materials.

The synthesis experiment was carried out using several drugs and associated literature reports
(Gao et al., 2016; Khort et al., 2021). In order to create ZnO NPs, the zinc nitrate with six
water molecule was first dissolved in a PVA solution to form a homogeneous sol. The PVA
was pre-dissolved in 75 mL of purified water under on going agitation at 80 °C using a
magnetic agitation device to ensure complete dissolution (Liu et al., 2016). The mixture was
then heated to 90—110 °C overnight to gradually remove water, resulting in the formation of a
viscous gel complex. This gel was subsequently heated in an oven to its auto-ignition
temperature (130260 °C) to initiate combustion, yielding a foamy, porous intermediate. The
resulting material was gently ground to reduce particle size and then thermally treat at

400 °C for one hour to get phase-pure ZnO dried gel nanoparticles.

The same method was adapted for synthesizing CZnO heterostructures, with the only
difference being the inclusion of both zinc and cobalt nitrate salts in the precursor solution.
After gelation and combustion, the product underwent calcination to produce the final Co-
doped ZnO/Co30s material. Different doping levels were prepared by adjusting the molar
ratio of cobalt to zinc precursors: 0.5%, 15%, 30%, and 45% Co, corresponding to 99.5%,
85%, 70%, and 55% Zn, respectively.

The resulting ZnO and CZnO materials were then subjected to detailed characterization and

photocatalytic performance evaluation. The overall synthesis steps and photocatalytic testing

strategy are illustrated schematically in Figure 5.
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Figure 5: Overview of the Synthesis Method for CZnO Heterostructures and ZnO
Nanoparticles

The synthesis process begins with dissolving metal salt precursors into a previously prepared
polyvinyl alcohol (PVA) polymer solution. This mixture undergoes evaporation of the
solvent to yield a PVA-starting gel. Upon heating, the gel reaches its auto-ignition
temperature, initiating a combustion reaction. The combustion produces a porous xerogel
powder, which is then subjected to calcination. The final product is subsequently utilized in

experiments focused on the breakdown of methylene blue (MB) dye.

3.3. Materials Characterization Techniques
A variety of analytical methods served to analyze the produced nanomaterials' crystal and

physicochemical characterstics : X-ray Diffraction (XRD): A SHIMADZU XRD-7000
diffractometer (Japan) was determined to the crystalline phases and structural characteristics.
Scattered reflection in UV-Vis Spectroscopy (UV-Vis DRS): The energy differences were
estimated and light absorption was determined through a Cary 100 UV-Vis
spectrophotometer (USA). Photoluminescence (PL) Spectroscopy: Using 325 nm excitation,
a Cary Eclipse fluorometer (Serial No.: MY 18490002) was determined to examine the
recombination kinetics of photoinduced conducting particles. Selected Area Electron
Diffraction (SAED), High-Resolution TEM (HRTEM), and Transmission Electron
Microscopy (TEM), Morphological features, lattice structures, and crystallinity were

12



examined using a JEOL TEM 2100 HRTEM (USA). Field Emission Scanning Electron
Microscopy (FESEM) and Energy-Dispersive X-ray Spectroscopy (EDS): Surface
topography and elemental composition were analyzed with a ZEISS SIGMA VP FESEM
(Germany) integrated with an EDS system.

3.4. Photocatalytic Activity
The photo-reactive catalytic properties of undoped ZnO and Co-doped ZnO (CZnO)

nanoparticles were evaluated in a 300 mL batch illumination reactor operating at a solution
pH of 10. A 10 mg/L methylene blue solution was the target contaminant. For each
experiment, 10 mg of the catalyst was mixed into the dye liquid mixture and agitated for 30
minutes in the absence of light to allow adsorption—desorption equilibrium. Following this
dark phase, the solution was exposed to illumination to start the photocatalytic activity.
Samples were taken every ten minutes, and the molarity of methylene blue was measured
using a UV-Vis spectrophotometer. The pseudo-first-order model, which is represented by
the : In(Ct/Co) = -kt, where Ct is the concentration of the dye at time t, Co is the starting
concentration, at initial time and k is the rate constant. This model was used to compare the

catalytic performance of the materials.
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CHAPTER FOUR
4. Results and discussion
4.1. Analytical characterization techniques
4.1.1. XRD analysis
X-ray diffraction (XRD) was used to examine the solid state lattice and compute the

crystalline particle size of the produced ZnO and Co-doped ZnO (CZnO) materials, as shown
in Figure 6(a). The diffraction peaks matched those of ZnO's hexagonal wurtzite structure,
which corresponds to JCPDS card number 004-0783. Diffraction peaks were found at 20
values of 31.7° (100), 34.3° (002), 36.2° (101), 47.5° (102), 56.5° (110), 62.8° (103), and
67.9° (112), indicating the wurtzite phase. At lower cobalt doping levels, the CZnO samples
showed diffraction patterns comparable to those of pure ZnO, showing that the wurtzite
structure was retained . However, when the cobalt dopant concentration exceeded 15%,
additional peaks attributed to CosO4 appeared, suggesting the formation of a secondary phase.
The presence and intensification of these CosO4 peaks with increasing dopant levels indicate
the coexistence of a ZnO—Cos;04 heterojunction. These peaks were found to match the
reference pattern JCPDS No. 042-1467, confirming the crystalline nature of the CosO4 phase.
The emergence of these distinct CosO4 peaks (marked by black dots in the figure) supports
the formation of interfacial contact between ZnO and CosOs domains. A closer look at the
XRD patterns in the magnified view (Figure 6(b)) reveals a slight shift in the diffraction
peaks of CZnO relative to pure ZnO. This change can be ascribed to lattice distortion caused
by the substitution of Zn** ions (ionic radius: 0.060 nm) with Co?* ions (ionic radius: 0.058
nm), which introduces lattice contraction due to the smaller size of cobalt ion (Meky et al.,
2025; Vieii et al., 2025). This change can be explained by lattice distortion brought about by
replacing Zn** ions (ionic radius: 0.060 nm) with Co?*" ions (ionic radius: 0.058 nm). The
smaller size of the cobalt ion causes lattice contraction. The Scherrer equation was used to
estimate the samples' average crystallite size (D). The (D = KAM(B cos 0)) was used to
determine the average crystalline particle size . where A is the X-ray radiation wavelength
(0.15406 nm), B is the peak's full width at half maximum (FWHM), 0 is the Bragg's angle of
diffraction, and D is the average crystallite size. K is a dimensionless constant, usually 0.94

for spherical crystal shapes (Domingues et al., 2024).
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Figure 6: X-ray diffraction is used to investigate phase composition and crystal structure: (a)
XRD pattern plots of ZnO NPs and 0.5, 15, 30, and 45% cobalt doped zinc oxide
heterostructures; (b) a magnified image of the XRD pattern of ZnO NPs and CZnO
heterostructures; and (c) the stable ZnO and CoOs crystal structure derived from the CIF data

in the American Mineralogist Crystal Structure Database.

4.1.2. DRS UV-vis
To assess the light related behavior of the produced samples , UV—Vis diffuse reflectance

spectroscopy (DRS) and photoluminescence (PL) analyses were performed. These techniques
confirmed the modifications in light absorption and energy transitions resulting from cobalt
ion incorporation and heterojunction formation. As seen in Figure 7(a), pure ZnO
nanoparticles display a strong absorption peak at approximately 380 nm, a typical feature
associated with their bandgap absorption. In comparison, Co-doped ZnO (CZnO) samples
exhibited broader absorption and a noticeable red shift, indicating enhanced visible light
absorption. The observed decrease in reflectance intensity in CZnO suggests improved light-
harvesting capabilities due to cobalt doping. Additionally, in the 500—700 nm range, three
subtle wave length —specific absorption appeared in the CZnO spectrum, attributed to d—d
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transitions of cobalt ions within the ZnO lattice. (Akhtar et al., 2023). These transitions
confirm the successful substitution of Zn** with Co*" and imply that cobalt ions occupy
tetrahedral coordination sites, consistent with ZnO's wurtzite crystal geometry (Vieii et al.,
2025). Additionally, Akhtar et al. found that ZnO's bandgap shrinks as a result of the
development of positive correction above the VB and negative correction below the CB
(Akhtar et al., 2023). the introduction of Co ions causes positive energy level shifts above the
valence band and negative corrections below the conduction band , effectively reducing the
bandgap. This was further validated through bandgap calculations using the Kubelka—Munk
function plotted against quantum energy , where linear extrapolation of the curve's tangent to

the x-axis provided an estimate of the optical bandgap (Figure 7(b)).

The estimated bandgap energy for pure ZnO was 3.05 eV, while that of CZnO was
significantly reduced to 1.71 eV. Since ZnO is inherently a direct bandgap semiconductor, its
conduction band minimum and valence band maximum share the same crystal momentum (k-
value), allowing for direct recombination of charge carriers and efficient light emission
(Belay et al., 2023). Nonetheless, new mid-energy levels and with cobalt ions incorporated
into the ZnO help electrons relax prior to recombination. As a result, potent pollutant-
oxidizing species like hydroxyl radicals can be created when the electron —hole pairs
produced by light combine with air and liquid water . However, the formation of
intermediate energy levels due to cobalt doping offers additional relaxation pathways for
electrons before recombination. These energy states extend the time span of charge carrier
stability and enhance interaction with surrounding molecules. This mechanism promotes the
creation of reactive radicals oxygen species (ROS), such as hydroxyl radicals, when
photogenerated electrons and holes react with water and dissolved oxygen. The material is
ideal for photocatalytic applications since these species are very good at breaking down
organic contaminants. These oxidizing species facilitate the reactive breakdown of impurities

on the catalytic surface.
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Figure 7. Optical characterization of ZnO and CZnO materials: (a) UV-Vis diffuse

reflectance spectra (DRS), and (b) corresponding bandgap estimation using Kubelka—Munk
plots.

4.1.3. PL
Figure 8: shows the photoluminescence (PL) spectra of cobalt-doped ZnO (CZnO)

heterostructures and undoped ZnO at an excitation wavelength of 325 nm. The first near-band
edge emission (NBE) of ZnO NPs was seen at 390 nm. A little shift in CZnO's NBE emission
towards higher wavelengths is linked to the bandgap lowering. Naturally, changes in crystal
quality are thought to be the cause of this shift. Additional emission peaks were found at
roughly 422 nm, 443 nm, and 484 nm, which are often associated with inherent defects such
as oxygen vacancies and zinc interstitials. (Chatterjee et al., 2023). When the gas byproduct
changes during combustion reactions, several flaws may arise. In comparison to ZnO's
intensityAs the dopant concentration rose, the CZnO PL spectra revealed virtually little
quenching intensity. This intensity decrease is linked to the electron-hole recombination

barrier, which encourages amplification in the charge transfer process. (Yang et al., 2025).
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Figure 3: PL investigation of optical properties for ZnO and CZnO materials: the percentages
of cobalt dopant are 0.5, 15, 30, and 45. ZnO NPs and 0.5, 15, 30, and 45 heterostructures are
denoted by the inset labels a, b, ¢, d, and e, respectively.

4.1.4. FTIR
Figure 9 shows the FTIR spectra of samples of cobalt-doped ZnO (CZnO) and pure ZnO,

which display broadly comparable vibrational properties but differ in intensity, peak position,
and the appearance of extra bands in CZnO. The ZnO lattice's stretching vibrations are
responsible for a significant absorption band about 450 cm™. O-H stretching vibrations from
hydroxyl groups and adsorbed water molecules on the surface are responsible for the broad
absorption peaks at 1660 cm™ and 3310 cm™'. (Deshapriya & Munaweera, 2024). The CO:
surface absorption is linked to the faint stretching band that was found in the 2300-2200 cm™
regions. The carbonyl group vibration is the cause of the band seen at about 1400 cm™
(Naveenkumar et al., 2024). ). In the CZnO samples, several distinct absorption features
appear in the 1050-1850 cm™ region. These are highlighted in Figure 9 with red arrows and
are primarily attributed to the presence of secondary cobalt oxide phases, such as CoO and
C0304, which may form alongside ZnO during synthesis (Deshapriya & Munaweera, 2024).
Furthermore, the presence of the cobalt ion in the ZnO lattice is confirmed by the possibility
that these distinct bands are caused by the Co-O bending vibration (Akhtar et al., 2023). The
shift toward higher wavenumbers in the CZnO spectra is indicative of local bonding
environment changes, likely caused by the shorter bond length of Co—O compared to Zn—O.
This structural disruption further confirms the successful incorporation of cobalt ions into the

ZnO matrix (Meky et al., 2024; Wachs, 1996).
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Figure 4: ZnO NPs and CZnO heterostructure FTIR spectra.

4.1.5. Morphological and compositional analysis
Figure 10(a) displays the surface morphology of the produced ZnO nanoparticles (NPs),

whereas Figure 12(a) displays the Co-doped ZnO (CZnO) field emission scanning electron
microscopy (FESEM) picture. In contrast to the rather homogeneous morphology of pure
Zn0O, the CZnO material exhibits a significant increase in particle aggregation. This
phenomena can be explained by the creation of tiny cobalt (II, III) oxide particles., which
possess higher surface energy, thereby promoting clustering during synthesis. Similar
observations of enhanced aggregation and morphological transformation—often resulting in
irregularly shaped particles—have been reported in recent studies (Akhtar et al., 2023; Meky
et al., 2024, 2025). The form change was brought about by the ZnO crystal's elongation along
the vertical axis. Figure 12(b) illustrates the well-dispersed cobalt dopant on the ZnO host
surface using EDS layered elemental distribution. Figure 12(I) displays the electron image
that was used to generate the EDS layered elemental distribution image. The elemental maps
of cobalt, oxygen, and zinc are shown in Figures 12 (II, III, and IV). The EDS layered
elemental distribution image of ZnO NPs is displayed in Figure 10(b), and the electron image
used to create the EDS layered elemental distribution image is displayed in Figure 10(I).

Additionally, elemental maps of zinc and oxygen are shown in Figures 10 (II and III).

19



EDS Layered Image 7

EHT = 10.00 kV Signal A = SE2 Date: 25 Apr 2025
— WO= 9.3mm Mag= 40.00 KX Time: 11.01:26

Electron Image 10

| m—

Tpm

Figure 5: ZnO NPs material microscopic morphological analysis: (a) FESEM micrograph

displaying surface structure; (b) EDS elemental distribution map; (I) matching electron image

utilized for EDS mapping; and (I and II) elemental mapping of zinc and oxygen,
respectively

Element |Line Type|Apparent Wit% Wt% |Atomic % |Standard
Concentr Sigma Label
ation

K series 0.00422 1953 034 4979 Si02
L series 002094 8047 034 5021

100.00 100.00

Zn

Figure 6: ZnO NPs' EDX elemental composition analysis spectrum; the comprehensive

compositional analysis findings are shown in the inset table.
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The morphological and elemental distribution analysis of CZnO heterostructures is displayed
in Figure 12. (a) surface features FESEM image; (b) EDS elements distribution map; (I)
electron image used for EDS mapping; and (I, III, and IV) elemental mapping for cobalt,
oxygen, and zinc, respectively.

Figure 13 depicts the EDX elemental analysis of the CZnO sample. The presence of cobalt
peaks in the EDX spectrum demonstrates that cobalt ions were successfully incorporated into
the ZnO matrix.. The inset table in the spectrum presents the quantitative analysis, indicating
elemental weight percentages of approximately 16.23% for oxygen, 15.65% for cobalt, and
68.13% for zinc. For comparison, Figure 11 displays the EDX results for pure ZnO, which
shows elemental compositions of 19.53 wt% oxygen and 80.47 wt% zinc, confirming the
expected stoichiometry of undoped ZnO The EDX elemental analysis of the CZnO sample is
shown in Figure 13. The successful incorporation of cobalt ions into the ZnO matrix is
demonstrated by the presence of cobalt peaks in the EDX spectrum. The quantitative analysis
is shown in the spectrum's inset table, which shows elemental weight percentages of roughly
16.23% for oxygen, 15.65% for cobalt, and 68.13% for zinc. For comparison, Figure 11
displays the EDX results for pure ZnO, which shows elemental compositions of 19.53 wt%

oxygen and 80.47 wt% zinc, confirming the expected stoichiometry of undoped ZnO
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Element |Line Type |Apparent| k Ratio Wit% Wit% |Atomic %|Standard
Concentr Sigma Label
ation

_ K series 0.69 000233  16.23 032 4368 Si02
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L series 098 000977 6813 105 4488 Zn
100.00 100.00

Figure 13 : displays the EDX spectrum used to analyze the elemental composition of the
CZnO heterostructure, with a detailed summary of the results presented in the inset table To
gain deeper insights into the morphology, particle size, interplanar spacing (d-spacing), and
crystallinity—features not clearly distinguishable in the FESEM images—TEM, HRTEM,
and SAED techniques were employed. The findings are presented in Figure 14(a—c). The
TEM image in Figure 14(a) reveals irregularly shaped particles with noticeable voids on the
surface. These voids are likely formed due to the release of gaseous byproducts during the
solution combustion synthesis. Based on the scale bar (200 nm), the particle sizes are
estimated to range from approximately 20 to 65 nm. High-resolution TEM (HRTEM)
analysis confirmed the existence of both ZnO and CoOs crystalline phases through their
measured interplanar distances. Specifically, the d-spacing values of 0.273 nm and 0.241 nm
correspond to the (111) plane of ZnO and the (222) plane of CoOs, respectively, as illustrated
in Figure 14(b) (Hassaan et al., 2024). The SAED pattern in Figure 14(c) exhibits distinct
diffraction rings and spots characteristic of the hexagonal ZnO lattice, confirming the

crystalline nature of the synthesized CZnO material.
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Figure 7. Microscopic morphological investigation of CZnO heterostructure materials: (a—c)
the CZnO heterostructure's TEM, HRTEM, and SAED ring pictures, respectively.

4.2. Photocatalysis and Mechanism
According to our earlier research on iron and copper co-doped zinc oxide, the ideal values

were determined to be 10 mg of catalyst and 10 pH of the solution (Belay et al., 2023). The
amount of catalyst has a significant impact on the possibility for material deterioration. . Its
quantity rises the number of active sites, which increases the amount of methylene blue dye
absorbed. More pollutant adsorption on the catalyst's surface is advantageous since photon-
assisted dye degradation occurred there. However, because turbidity is created, increasing the
catalyst amount more also prevents the incoming photon. Additionally, the increased catalyst
concentration aids in the reduction and agglomeration of the catalyst active sites.
(Mirzaeifard et al., 2020). The answer Another major factor influencing methylene blue
ionisation and catalyst surface charge is pH. The positively charged methylene blue dye
cannot be absorbed because the ZnO or CZnO catalyst surface becomes positively charged in
an acidic solution. (Prabakaran & Pillay, 2019). Under alkaline circumstances, however, the
catalyst surface becomes negatively charged, promoting the electrostatic attraction of MB

molecules and enhancing dye degradation via enhanced adsorption.

In many investigations, measuring the quantity of an unknown dye sample using absorbance-
wavelength spectra is either missed or confusing. This study created a calibration curve using
known concentrations of methylene blue (4, 8, 12, and 16 ppm), resulting in a R? of 0.9927.
Figure 15(a) shows the absorbance spectra for the standard solutions. This calibration data
was utilized to build a linear equation, allowing unknown concentrations to be determined

(Figure 15(b)).
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Figures 15(c) and 15(d) show the absorbance spectra of ZnO and CZnO samples at different
time intervals at the maximum absorption wavelength of 663 nm.. Based on the calibration
curve, which had a slope of 0.114 and an intercept of 0.284, the concentrations of the dye at
different time points (Ct) were calculated. The degradation performance was further analyzed

by plotting Ct/Co and In(Ct/Co) against time, as shown in Figures 16(a) and 16(b).

From the linear fit of the In(Ct/Co) vs. time plot, the rate constants (k) were determined to be
0.0312 min™* for ZnO and 0.1407 min™' for CZnO. These results demonstrate the enhanced
photocatalytic performance of CZnO over pure ZnO. To evaluate the effectiveness of the
synthesized catalyst, its degradation rate constants were compared with those reported in
recent literature, as summarized in Table 1. Except for the study by Chatterjee et
al.(Chatterjee et al., 2023), this work shows superior rate constants compared to other reports.
The current study's catalytic potential is summarised in Table 1 together with recent related
literature findings. With the exception of reference 13, which was synthesised using the
precipitation method, the rate constant values for this study are nearly higher than those for
the other studies, as the table illustrates. But according to the techniques employed, this study

is easy to utilise, yields more products, and is economical for usage in scale-up applications.
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Figure 15: (a) Absorbance spectra of standard methylene blue (MB) dye solutions at
concentrations of 4, 8, 12, and 16 ppm, plotted against wavelength (arbitrary units); (b)
calibration curve showing the relationship between absorbance and dye concentration (ppm);
(c) absorbance spectra of ZnO nanoparticles, and (d) CZnO heterostructure during
photocatalytic degradation of MB over time. Measurements were taken at 0, 10, 20, 30, 40,

and 50 minutes.

1.4- i 1
@ 1l )
1.2 |
o & .
1.0 1. ‘o E-- ~.9\._
In dark Photocatalysis 1 N -8
0.8 -24 N
1 b
.- ! 0°-3- [ N
S‘, 0.6 - (a) ZnO | o AN PY
£ -4 m (a)zno

0.4 —o—(b) CZnO ; |
i 5| @ (b)Co-ZnO

0.2 o] - (a) Inct/co=-0.0312+0.0028t + 0.432
1 ---(b)Inct/co=-0.1407+0.0190t + 0.265
0.04
-7
-0.2 T T T } T T T T T -87 . . . . . . . .
440 -30 -20 -10 O 10 20 30 40 50 0 7 14 21 28 35 42 49
Time (min) Time (min.)

Figure 8: (a) ZnO NPs and CZnO heterostructure test plots of Cy/C, versus time
photocatalysis potential; (b) ZnO NPs and CZnO heterostructure test plots of InCy/C, versus

time.

Based on recent literature reports and the enhanced photocatalysis capability,

Figure 17 presents a schematic representation of the proposed degradation mechanism,
drawing from recent literature and the observed improvement in photocatalytic activity. In
inset (a) of Figure 17, the doping process is shown to introduce localized defect states
between the valence band (VB) and conduction band (CB) of ZnO. These defect levels

enhance photocatalytic activity by serving as donor or acceptor sites and facilitating d—d
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transitions, which help inhibit electron—hole recombination. Specifically, donor-type
transitions involve electron excitation from Co?*" or Co** to the CB of ZnO, while acceptor-

type transitions involve electron transfer from Co?" or Co* to the VB of ZnO [4].

Several studies (Alshaikh et al., 2021; Markhabayeva et al., 2023; Mohamed Reda et al.,
2017), ZnO has a higher negative conduction band edge prior to contact than CosO4, whereas
its valence band edge potential is more positive than CosOa4. This indicates that prior to
contact; the CoOa4 had a greater work function than ZnO. Consequently, for ZnO and CoOs,
the Fermi level shift shifts downward and upward, respectively. Because of this Fermi level

shift, ZnO has a lower charge density and CoOa has a greater negative charge density.

Kim et al. (Kim et al., 2017) reported a similar heterojunction interpretation between ZnO
and CoOx for the ciprofloxacin oxidation application. As illustrated in Figure 17 (inset label b,
heterojunction), the generated potential difference causes the electron to migrate from CoOa
to ZnO and the holes to migrate from ZnO to CoOa4. This movement of electrons and holes

improves the process of charge transfer and stops recombination.
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Table 1. This work's photocatalytic degradation capabilities are compared with other recent publications in relevant literature.

Materials Method used Precursors used Properties change Bandgap Pollutant used, time Rate Ref.
due to doping (eV) and conc. constant
Zinc oxide Sol-gel Zn(CHsCOz)2:2H20 Not much optical 3.37 40 minutes of 0.0857 (Oukacha et al., 2024)
doped with and Co(CH3CO2)» properties  change methylene blue and 90  min™!
cobalt 4H>0 observed minutes of the
antibiotic ciprofloxacin
at a dose of 30 mg/L
180 minutes, 10 mg/L
of methyl orange dye
Zinc oxide co-precipitation Zn(CH;CO3)2:2H20 Electron-hole 2.75 40 minutes of 0.0387 (Meky et al., 2025)
doped with and Co(CH3CO2)» recombination methylene blue and 90  min™!
cobalt 4H20 hindrance minutes of the
antibiotic ciprofloxacin
at a dose of 30 mg/L
Zinc oxide Chemical vapor Zn(CsH-70:): and Suppressed - 0.0025 min™! (Karpyna
doped with  deposition Co(CsH-02)2 emission due to et al.,
cobalt doping 2024)
Zinc oxide - Green (Nelumbo Zn(NOs3):6H.O and Showed enhanced 2.57 Rhodamine B, 140 min, 0.0098 (Naveenkumar et al., 2024)
doped with  nucifera leaf Co(NOs)2-6H20 optical property min™*
cobalt extract) improvements
Zinc oxide - Hydrothermal - Co?*/Co*" inclusion Not much Fluoxetine, 0.061 (Hassaan et al., 2024)
doped with in the ZnO bandgap Ofloxacin and min™!
cobalt lattice and changing change was diclofenac sodium
the optical observed
properties
Zinc oxide Wetimpregnation ZnO NPs and Positive and Not much p-nitrophenol, 180 min, - (Akhtar et al., 2023)
doped with Co(NO:s).. 6H20 negative correction bandgap a 30 mg/L
cobalt and ZnO’s bandgap change was
shrinkage observed
Cobalt-doped Wet-precipitation  Zn(CHsCO:).-2H-0 Optical ~ property 2.99 Methylene blue, 5 min, 0.43 min' (Chatterjee et al., 2023)
zinc oxide and CoCl2 improvement a 10 mg/L
C0304/Zn0O one-pot sol—gel Zn(NOs)2:6H-0 and Charge transfer due 2.53 Ciprofloxacin 0.2 min™! (Alshaikh et al., 2021)
heterojunctions Co(NO:s)2-6H20 to p-n oxidation,
heterojunction
inhibition
Co0-Zn0O/Co0304 Facile solid-state Zn(CHsCO.).:2H.0 Inhibiting electron- - Rhodamine B, 60 min, 0.0336 (Mohamed Reda et al., 2017)
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heterojunctions reaction and Co(CH3CO2)» hole recombination 5 mg/L min™!

.4H,0
Co-ZnO/Co304 Sol-gel Zn(CH3CO2).2H-0 Bandgap and 1.73 Methylene blue, 50 0.141 This study
heterostructure autocombustion and (NOs)2-6H20 charger transport min, a 10 mg/L min!
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Figure 9: suggested potential mechanism for the formation of heterojunctions between ZnO

and CoOs and the inclusion of cobalt in the ZnO crystal.
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5. Conclusions
In conclusion, a straightforward sol-gel and autocombustion method was used to successfully

synthesise Co-ZnO/Cos0a4. The peak shift in the XRD pattern verified that cobalt ions were
present in the zinc oxide crystals. The formation of a ZnO/Cos0Os heterojunction was
evidenced by a distinct peak unrelated to any known crystalline phase in the XRD pattern, as
well as by d-spacing measurements obtained from HRTEM analysis. Compared to pure ZnO
nanoparticles, the Co-ZnO sample exhibited a smaller average crystallite size (10.7 nm vs.
26.3 nm), indicating a high surface area for the cobalt-containing nanoparticles. TEM
imaging showed that the particles, although agglomerated, remained within the nanoscale
range of 20—65 nm. The introduction of cobalt and the creation of interface contact enhanced
both the optical absorption range and the charge transfer efficiency. The broad spectrum
absorption and electron transfer charactersics were improved by the addition of cobalt and
the development of interfacial contact. ZnO and CZnO have indirect bandgap energies of
3.05 and 1.71 eV, respectively. Charge transfer across the dopant level and interfacial contact
was demonstrated by the fact that the PL spectrum intensity for CZnO was nearly nil
emission in comparison to ZnO. The FESEM-EDS study verified the cobalt's excellent
distribution and agglomerated surface morphology on the ZnO host surface. Model
methylene blue dye was determined to examine the effects of heterojunction potential and
dopant incorporation. Compared to ZnO (k = 0.031 min'), CZnO has a roughly 4.5-fold
higher degradation potential (k = 0.141 min™"). Therefore, it is feasible to draw the conclusion
that the straightforward combustion method and readily synthesised porous material can be

evaluated and applied in extensive .
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