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ABSTRACT

The photocatalytic degradation of organic pollutants represents a promising avenue for addressing environmental
contamination. In this study, we delve into the mechanisms underlying the photodegradation of methyl orange on zinc-
doped titanium dioxide (Zn-TiO2) surfaces. Zinc doping has emerged as a strategy to enhance the photocatalytic activity
of TiO2 by modifying its electronic and structural properties. Through a combination of experimental investigations
and theoretical modeling, we elucidate the intricate processes governing the interaction between methyl orange
molecules and Zn-TiO2 surfaces under irradiation. Our findings shed light on the role of zinc doping in facilitating
photoinduced charge transfer processes, surface adsorption kinetics, and the generation of reactive oxygen species.
This enhanced understanding of the mechanisms involved in methyl orange photodegradation on Zn-TiO2 surfaces
provides valuable insights for the rational design and optimization of advanced photocatalytic materials for water
purification and wastewater treatment applications.
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1. INTRODUCTION

The challenge of dye wastewater management presents a multifaceted dilemma at the
intersection of environmental sustainability, industrial regulation, and technological innovation.
Dyeing processes in textile, paper, and leather industries generate vast volumes of wastewater
laden with complex chemical compounds, heavy metals, and organic pollutants. These pollutants
pose significant ecological threats, contaminating water bodies, degrading soil quality, and
jeopardizing aquatic ecosystems. [1] Moreover, the vivid hues of synthetic dyes often resist
conventional treatment methods, complicating purification efforts. The persistence of dye
wastewater exacerbates water scarcity concerns and compromises public health, as untreated
effluents can infiltrate drinking water sources, leading to dire consequences for communities
downstream. [2] Regulatory frameworks seek to mitigate these risks, imposing stringent
discharge limits and incentivizing industries to adopt cleaner production practices. However,
compliance remains a challenge due to the high costs associated with advanced treatment
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technologies and the lack of universally applicable solutions. As such, addressing the challenge of
dye wastewater necessitates collaborative efforts among policymakers, industry stakeholders,
and scientific communities to develop innovative treatment strategies, enhance regulatory
enforcement, and foster sustainable practices that balance environmental stewardship with
economic viability. [3]

Emerging treatment methodologies, such as advanced oxidation processes, membrane
filtration, and bioremediation, offer promising avenues for efficiently degrading recalcitrant dye
molecules and removing toxic contaminants from wastewater streams. These techniques
leverage the synergistic effects of chemical, physical, and biological processes to achieve higher
treatment efficiencies and lower energy consumption compared to traditional methods. [4]
Beyond technological innovation, holistic solutions to the dye wastewater challenge entail
fostering cross-sectoral collaborations, knowledge-sharing platforms, and capacity-building
initiatives to empower stakeholders with the tools and expertise needed to implement
sustainable practices. By embracing a comprehensive approach that combines technological
innovation with policy reforms, public awareness campaigns, and industry engagement, society
can overcome the challenge of dye wastewater, safeguarding water resources for current and
future generations while fostering a more resilient and equitable industrial ecosystem. [5],[6], [7].
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Figure 1. Dye waste water
https://www.semanticscholar.org/paper/Adsorption-Properties-of-Anionic-Dyes-on-Cellulose-

Miao-Xing/ae2a7d2d471566329cce978c51cdd0fafcabaela

Photocatalysts, typically semiconductor materials like titanium dioxide (TiO2) or zinc oxide
(Zn0), harness the power of light to catalyze chemical reactions that break down organic
pollutants and degrade harmful compounds present in wastewater. [8] When irradiated with
ultraviolet or visible light, these photocatalysts generate electron-hole pairs, initiating redox
reactions that produce reactive oxygen species (ROS) such as hydroxyl radicals (¢OH) and
superoxide ions (02e-). These highly reactive species possess strong oxidizing properties,
enabling them to oxidize and mineralize a wide range of organic pollutants into harmless
byproducts like water and carbon dioxide. [9] Moreover, photocatalytic processes exhibit broad-
spectrum activity, effectively degrading dyes, pharmaceuticals, pesticides, and emerging
contaminants that resist conventional treatment methods. Photocatalysis offers several
advantages over traditional treatment techniques, including rapid reaction kinetics, low energy
requirements, and minimal generation of secondary pollutants. [10], [11] By harnessing the
abundant and renewable energy of sunlight, photocatalytic systems hold immense potential for
decentralized and sustainable wastewater treatment applications, particularly in resource-
limited settings or remote regions lacking access to centralized infrastructure.

The adoption of photocatalysis as a treatment method presents a paradigm shift towards
greener and more efficient approaches to addressing water pollution challenges, with
implications spanning environmental, economic, and societal domains. Unlike conventional
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treatment methods that rely on chemical additives or energy-intensive processes, photocatalysis
operates under ambient conditions, leveraging renewable solar energy as a clean and
inexhaustible power source. [12] This inherent sustainability aligns with global efforts to
transition towards a circular economy model, where waste streams are valorized as potential
resources rather than liabilities. Furthermore, the scalability and versatility of photocatalytic
systems enable their integration into existing wastewater treatment plants or retrofitting of
industrial facilities, offering a cost-effective solution for upgrading infrastructure and enhancing
treatment capacities. [13] By nurturing a culture of interdisciplinary collaboration and knowledge
exchange, stakeholders can unlock new opportunities for technology optimization, scalability,
and commercialization, paving the way for transformative solutions that safeguard water
resources and promote sustainable development goals on a global scale. [14],[15]
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Figure 2. TiO2 as photocatalyst
https://www.sciencedirect.com/science/article /abs/pii/S0045653521022347

The role of titanium dioxide (TiO2) in photocatalytic degradation is pivotal, serving as the
cornerstone of many advanced wastewater treatment technologies due to its exceptional
photocatalytic properties. One of the key advantages of TiO2 in photocatalytic degradation lies in
its versatility and tunability, allowing for the design and optimization of photocatalytic systems
tailored to specific wastewater matrices and target pollutants. [17] Through modifications in its
crystal structure, surface morphology, and doping with other metal or non-metal elements,
researchers can enhance the photocatalytic performance of TiO2, improving its efficiency,
stability, and selectivity towards certain contaminants. [18] Additionally, the introduction of
dopants like nitrogen, carbon, or metal ions can modify the electronic band structure of Ti02,
narrowing the bandgap and extending its light absorption range into the visible spectrum, where
a significant portion of solar irradiance lies. These advancements in TiO2 photocatalyst design
hold immense promise for improving the efficiency and applicability of photocatalytic
degradation processes in diverse wastewater treatment scenarios. [19],[20]

2. LITERATURE REVIEW
2.1Properties and photocatalytic mechanism of TiO-

Titanium dioxide (TiO2) possesses a unique set of properties that make it highly suitable for
photocatalytic applications, particularly in the degradation of organic pollutants in wastewater.
One of the most notable properties of TiO2 is its semiconductor nature, characterized by a wide
bandgap energy structure. [21] This bandgap allows TiO2 to absorb photons with energy equal
to or greater than the bandgap, typically in the ultraviolet (UV) region of the electromagnetic
spectrum. Upon absorption of light, TiO2 generates electron-hole pairs, where electrons are
excited to the conduction band and leave behind positively charged holes in the valence band.
[22] TiO2 exhibits high chemical stability, corrosion resistance, and biocompatibility, making it
suitable for long-term use in various environmental and biomedical applications. Its abundance,
low cost, and non-toxicity further enhance its appeal as a photocatalyst for sustainable
wastewater treatment solutions. [23]

The photocatalytic mechanism of TiO2 involves a series of steps that culminate in the
degradation of organic pollutants into harmless byproducts under the influence of light. Upon
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irradiation with photons, TiO2 absorbs energy and generates electron-hole pairs. These
photogenerated charge carriers migrate to the surface of TiO2, where they participate in redox
reactions with adsorbed species, such as water and oxygen molecules. Electrons reduce oxygen
molecules to form superoxide ions (02e¢-), while holes oxidize water molecules to produce
hydroxyl radicals (¢OH). [19], [20], [23] These highly reactive oxygen species (ROS) then attack
organic pollutants adsorbed on the TiO2 surface, breaking down chemical bonds and mineralizing
them into smaller, non-toxic fragments. The photocatalytic degradation process proceeds via
multiple pathways, including direct oxidation by ¢OH radicals, indirect oxidation via reaction with
intermediate ROS species, and surface-mediated reactions facilitated by TiO2 defects or surface
functional groups. [24], [25].

Furthermore, the efficiency and selectivity of TiO2 photocatalysis can be modulated by
controlling various factors, including the crystalline phase, surface area, particle size, and surface
chemistry of TiO2 nanoparticles. [26] For instance, the anatase phase of TiO2 is generally more
photocatalytically active than the rutile phase due to its higher surface energy and greater
abundance of surface hydroxyl groups, which promote the adsorption of reactant molecules and
facilitate charge transfer processes. [27] Increasing the surface area-to-volume ratio by reducing
the particle size or engineering nanostructured TiO2 morphologies can enhance light absorption
and promote interfacial charge separation, leading to improved photocatalytic performance.
Moreover, surface modifications, such as doping with metal or non-metal elements, can tailor the
electronic band structure of TiO2, extending its light absorption range into the visible spectrum
and enhancing its activity under solar irradiation. Researchers can develop tailored
photocatalytic systems capable of efficiently degrading diverse pollutants and addressing the
complex challenges of wastewater treatment in a sustainable and environmentally friendly

manner.[28], [29], [30] MO
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Figure 3. Schematic diagram of a proposed photocatalytic mechanism
of Zn doped TiO2 for the visible-light response
https://www.sciencedirect.com /science/article/abs/pii/S0926337315000065

2.2 Limitations of Pure TiO; in Dye Degradation

While titanium dioxide (TiO2) holds immense potential as a photocatalyst for the degradation of
organic dyes in wastewater, its efficacy is not without limitations. One of the primary drawbacks
of pure TiO2 photocatalysis lies in its limited absorption of visible light, which constitutes a
significant portion of solar irradiance. [31] Since pure TiO2 predominantly absorbs ultraviolet
(UV) light due to its wide bandgap energy structure, it exhibits suboptimal photocatalytic activity
under visible light illumination, which hampers its practical applicability for solar-driven
wastewater treatment. This limitation restricts the efficiency of TiO2 photocatalysis to UV-rich
environments or artificial light sources, thereby limiting its potential for decentralized or outdoor
applications. [31], [32] Additionally, pure TiO2 suffers from rapid recombination of
photogenerated electron-hole pairs, leading to low quantum efficiency and reduced
photocatalytic activity. This phenomenon diminishes the overall effectiveness of TiO2 in
degrading organic dyes, especially in complex wastewater matrices containing competing
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electron donors or scavengers, which can further exacerbate charge carrier recombination rates.
[33]

Furthermore, pure TiO2 photocatalysis faces challenges related to the mineralization of dye
molecules into harmless byproducts, as the degradation process often yields intermediate
compounds or byproducts that may be more toxic or recalcitrant than the parent dye. While TiO2
photocatalysis effectively breaks down chromophoric groups and conjugated structures of dyes,
it may generate reactive intermediates or radical species that undergo secondary reactions,
leading to the formation of persistent organic pollutants (POPs) or toxic degradation byproducts.
[34], [35] Moreover, the complete mineralization of dye molecules into carbon dioxide and water
requires prolonged irradiation times and high energy inputs, which may not be feasible or cost-
effective for large-scale wastewater treatment applications. The formation of non-mineralizable
intermediates poses challenges for effluent quality standards and may necessitate additional
treatment steps or post-treatment processes to ensure the removal of toxic residues and prevent
environmental contamination. [33], [35] Therefore, the limitations of pure TiO2 in achieving
complete mineralization and preventing the formation of harmful byproducts underscore the
need for innovative approaches and synergistic strategies to enhance the efficiency and selectivity
of TiO2 photocatalysis for dye degradation. [36]

Additionally, the photocatalytic performance of pure TiO2 can be adversely affected by
various factors, including the presence of organic or inorganic impurities, pH fluctuations, and
dissolved ions in the wastewater matrix. Organic pollutants, such as humic acids or dissolved
organic matter, may compete with dye molecules for adsorption sites on the TiO2 surface, thereby
reducing the availability of active sites for photocatalytic reactions. [37] Likewise, inorganic ions,
such as chloride or sulfate ions, may adsorb onto the TiO2 surface and inhibit photocatalytic
activity by blocking reactive sites or scavenging photogenerated radicals. Furthermore, variations
in pH levels can influence the surface charge and speciation of TiO2 nanoparticles, affecting their
adsorption affinity towards dye molecules and the kinetics of photocatalytic degradation
reactions. These factors collectively contribute to the complexity of wastewater treatment
processes and necessitate careful optimization of operational parameters and reactor design to
maximize the efficiency and robustness of TiO2 photocatalysis for dye degradation applications.
[38], [39], [40]
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2.3 The Promise of Doping enhancing TiO>'s efficiency

Doping involves the intentional introduction of foreign atoms, such as metal ions or non-metal
elements, into the crystal lattice of TiO2 to modify its electronic structure and photocatalytic
properties. [41] By strategically selecting dopants and controlling their concentrations,
researchers can tailor the bandgap energy, charge carrier dynamics, and surface reactivity of
Ti02, thereby improving its activity, selectivity, and stability in photocatalytic applications. [42]
For instance, doping with nitrogen (N), carbon (C), or sulfur (S) atoms can narrow the bandgap of
Ti02, shifting its light absorption range towards the visible spectrum and enhancing its efficiency
under solar irradiation, which constitutes a significant portion of the incident light on Earth's
surface. This extension of TiO2's light absorption range enables it to harness solar energy more
effectively, thereby overcoming the limitations associated with the narrow bandgap of pristine
TiO2 and expanding its applicability in real-world wastewater treatment scenarios. [43], [44],
[45]

Moreover, doping can also influence the charge carrier dynamics and surface chemistry
of TiO2, leading to improvements in charge separation, migration, and utilization efficiency
during photocatalytic reactions. For example, doping with transition metal ions, such as iron (Fe),
cobalt (Co), or nickel (Ni), can introduce energy levels within the TiO2 band structure that act as
trapping sites for photogenerated charge carriers, thereby reducing their recombination rates
and prolonging their lifetimes. [46], [47], [48]. This enhanced charge carrier separation facilitates
more efficient redox reactions with adsorbed species on the TiO2 surface, resulting in accelerated
pollutant degradation kinetics and higher photocatalytic activity. Additionally, dopants can
modify the surface properties of TiO2, influencing its adsorption affinity towards target pollutants
and facilitating interfacial electron transfer processes. [49], [50], [51].

Furthermore, the promise of doping extends beyond enhancing the intrinsic
photocatalytic properties of TiO2 to encompass broader considerations of scalability, cost-
effectiveness, and practical implementation in real-world settings. Doped TiO2 photocatalysts can
be synthesized using scalable and cost-effective fabrication techniques, such as sol-gel synthesis,
hydrothermal treatment, or chemical vapor deposition, enabling their mass production for
commercial applications. [52] Moreover, the tunability of doping parameters allows for the
optimization of photocatalyst performance based on specific wastewater matrices, target
pollutants, and environmental conditions, ensuring versatility and adaptability in diverse
treatment scenarios. Additionally, the integration of doped TiO2 photocatalysts into existing
wastewater treatment infrastructure or hybrid treatment systems offers a seamless and cost-
efficient pathway for upgrading conventional processes and improving overall treatment
efficiency. [53], [54].

2.4 Behind of doping

n-doped silicon p-doped silicon

Figure 4. Schematic of a silicon crystal lattice doped with impurities to produce n-type and
p-type semiconductor material
https://www.sciencedirect.com/science/article/abs/pii/S0925838823045668
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The science behind semiconductor doping is a fundamental aspect of materials science and
solid-state physics, with profound implications for a wide range of technological applications,
including semiconductor devices, photovoltaics, and photocatalysis. Doping involves the
deliberate introduction of impurity atoms into the crystal lattice of a semiconductor material,
altering its electronic properties and enabling the modulation of charge carrier behavior. [55] In
the context of semiconductor photocatalysts like titanium dioxide (Ti02), doping plays a crucial
role in tailoring the material's band structure, bandgap energy, and surface chemistry to enhance
its photocatalytic activity and selectivity. Doping can occur through substitutional or interstitial
mechanisms, where dopant atoms replace or occupy lattice sites within the semiconductor crystal
structure, respectively. [56], [57]

The success of semiconductor doping relies on a deep understanding of the complex
interactions between dopant atoms and the host semiconductor material, which govern the
resulting changes in electronic structure and charge carrier dynamics. Dopants can introduce
localized energy states within the semiconductor bandgap, known as dopant levels, which act as
trapping or recombination centers for charge carriers. For instance, donor dopants, such as
nitrogen or phosphorus in silicon, introduce energy levels close to the conduction band minimum,
promoting the generation of free electrons and enhancing the material's conductivity. [58]
Conversely, acceptor dopants, such as boron or aluminum in silicon, create energy levels near the
valence band maximum, facilitating the formation of electron-hole pairs and enhancing hole
mobility. In the context of TiO2 photocatalysis, dopants can modify the band structure of Ti02,
extending its light absorption range into the visible spectrum and enhancing its efficiency under
solar irradiation. Furthermore, dopants can influence the surface chemistry of TiO2, affecting its
adsorption affinity towards target pollutants and facilitating interfacial charge transfer processes.
By leveraging these doping-induced modifications, researchers can tailor the properties of
semiconductor photocatalysts to maximize their performance in diverse environmental and
energy-related applications. [59], [60]

. Advanced characterization techniques, such as X-ray diffraction, electron microscopy, and
spectroscopic analysis, enable researchers to investigate the structural, morphological, and
electronic properties of doped semiconductor materials at the atomic and nanoscale levels. [62]
Computational modeling and theoretical simulations play a complementary role in predicting the
effects of doping on semiconductor electronic structure and guiding experimental design and
optimization efforts. Furthermore, interdisciplinary collaborations between researchers with
expertise in synthesis, characterization, theory, and application facilitate knowledge exchange
and innovation, driving advancements in semiconductor doping technology and its translation
into practical solutions for real-world challenges. As our understanding of semiconductor doping
continues to evolve, so too will the development of novel materials and devices with enhanced
functionality and performance, paving the way towards a sustainable future powered by
semiconductor-based technologies. [63], [64]

2.5 Objectives of Doping TiO2 for photocatalyst

The objectives of doping titanium dioxide (TiO2) for photocatalytic applications are multifaceted,
encompassing the enhancement of its efficiency, selectivity, and stability to address the evolving
challenges of wastewater treatment, air purification, and renewable energy conversion. [65] One
primary objective is to extend the light absorption range of TiO2 into the visible spectrum, where
a significant portion of solar irradiance lies, thereby overcoming the intrinsic limitation of pristine
Ti02, which predominantly absorbs ultraviolet (UV) light. [65] Doping introduces energy levels
within the TiO2 bandgap, shifting its absorption edge towards longer wavelengths and enabling
the utilization of visible light for photocatalytic reactions. This broadening of the light absorption
range enhances the efficiency and applicability of TiO2 photocatalysts under natural sunlight,
reducing reliance on artificial UV sources and expanding their potential for decentralized and
sustainable wastewater treatment solutions. [66], [67].
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Another key objective of doping TiO2 is to improve its charge carrier dynamics, including
generation, separation, and utilization, to enhance photocatalytic activity and minimize
recombination losses. Doping introduces impurity states within the TiO2 bandgap that serve as
trapping or recombination centers for photogenerated charge carriers, thereby modulating their
lifetimes and mobility. [68] For instance, donor dopants, such as nitrogen or carbon, can increase
the concentration of free electrons in the TiO2 conduction band, promoting charge separation and
facilitating electron transfer reactions with adsorbed species on the TiO2 surface. [67], [69]

Furthermore, doping TiO2 photocatalysts aims to tailor their surface properties and
chemical reactivity towards specific target pollutants, thereby enhancing selectivity and pollutant
removal efficiency. Dopants can influence the surface charge distribution, surface energy, and
surface adsorption affinity of TiO2, affecting the interaction between the photocatalyst and
adsorbate molecules. For example, nitrogen doping can introduce nitrogen-containing functional
groups on the TiO2 surface, which can enhance the adsorption of organic pollutants via hydrogen
bonding or m-m interactions. [70] Similarly, metal dopants can modify the surface redox
properties of TiO2, facilitating the activation of molecular oxygen and promoting the generation
of reactive oxygen species (ROS) for pollutant degradation. [71]

2.6 Potential Dopants for TiO;
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Figure 5. The mechanism of metal ion doping TiO2.

https://www.semanticscholar.org/paper/Metallic-surface-doping-of-metal-halide-perovskites-

Lin-Shao/ef6d2f7af5b52695f52b0c9fce305d56548594f0

Several potential dopants hold promise for enhancing the performance of titanium dioxide (Ti02)
photocatalysts by tailoring their electronic structure, surface properties, and photocatalytic
activity. Nitrogen (N) doping is one of the most widely studied approaches due to its ability to
narrow the bandgap of TiO2 and extend its light absorption range into the visible spectrum. [34]
Nitrogen atoms can substitute oxygen atoms within the TiO2 lattice, introducing localized energy
levels near the conduction band edge that facilitate the generation of free electrons upon light
absorption. This modification enhances the photocatalyst's efficiency under visible light
irradiation, thereby expanding its applicability for solar-driven photocatalytic reactions. [49]
Additionally, nitrogen doping can modify the surface chemistry of TiO2, creating nitrogen-
containing functional groups that enhance the adsorption affinity towards organic pollutants and
facilitate interfacial charge transfer processes. [70] Another promising dopant is carbon (C),
which can be incorporated into the TiO2 lattice as substitutional or interstitial defects,
introducing energy levels within the bandgap that enhance charge carrier separation and
utilization. Carbon-doped TiO2 photocatalysts exhibit improved stability and activity due to
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reduced charge carrier recombination rates and enhanced surface redox properties, making them
highly effective for pollutant degradation and environmental remediation applications. [76]

Metal ion doping represents another avenue for tailoring the properties of TiO2
photocatalysts, with transition metal ions such as iron (Fe), cobalt (Co), and nickel (Ni) among the
most commonly investigated dopants. These metal ions can substitute titanium atoms within the
TiO2 lattice, introducing energy levels within the bandgap that act as trapping or recombination
centers for charge carriers. [72] Metal-doped TiO2 photocatalysts exhibit enhanced charge
separation and reduced recombination rates, leading to improved photocatalytic activity and
stability under solar irradiation. Moreover, metal dopants can modify the surface chemistry of
Ti02, promoting the activation of molecular oxygen and facilitating the generation of reactive
oxygen species (ROS) for pollutant degradation. [73] The choice of metal dopant and its
concentration can be tailored to optimize the photocatalyst's performance for specific
applications, with different metals imparting unique electronic and catalytic properties to the
TiO2 lattice. By harnessing the synergistic effects of metal ion doping and surface modification,
researchers can develop tailored TiO2 photocatalysts with enhanced efficiency, selectivity, and
stability for sustainable wastewater treatment, air purification, and energy conversion
technologies.[74],[75]

In addition to nitrogen, carbon, and metal ions, other dopants such as sulfur (S), phosphorus
(P), and non-metal elements like boron (B) and fluorine (F) have also been explored for doping
Ti02 photocatalysts. These dopants can introduce energy levels within the TiO2 bandgap, modify
its surface chemistry, and enhance its photocatalytic activity towards specific target pollutants.
[78] For instance, sulfur doping can promote the formation of sulfur-oxygen defects on the TiO2
surface, which act as active sites for ROS generation and pollutant degradation. Phosphorus
doping can enhance the stability and conductivity of TiO2 photocatalysts by reducing the
formation of surface defects and inhibiting charge carrier recombination. [77] Non-metal dopants
like boron and fluorine can modify the electronic structure and surface charge distribution of
TiO2, enhancing its adsorption affinity towards organic pollutants and promoting interfacial
charge transfer processes. By exploring a diverse range of dopants and doping strategies,
researchers can unlock new opportunities for tailoring the properties of TiO2 photocatalysts and
advancing the development of efficient and sustainable solutions for environmental remediation
and energy conversion. [78], [79].

3. EXPERIMENTAL
3.1 Benefits of Zn Doped in TiO;
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Figure 7. Scheme Zn-doped TiO2
https://link.springer.com/article/10.1007/s10854-022-07945-z

Zinc (Zn) doping in titanium dioxide (TiO2) holds immense promise for enhancing the
performance and efficiency of TiOZ photocatalysts, particularly in the realm of
environmental remediation and solar-driven photocatalysis. One of the key benefits of
Zn doping is its ability to narrow the bandgap of TiO2, thereby extending its light
absorption range into the visible spectrum. [80] By introducing Zn atoms into the TiO2
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lattice, localized energy levels are created within the bandgap, which allows TiO2 to
absorb photons with lower energy, including visible light. This modification
significantly enhances the photocatalyst's efficiency under solar irradiation, making it
more practical and sustainable for real-world applications where natural sunlight is
abundant. Zn-doped TiO2 photocatalysts exhibit improved activity and versatility, as
they can harness a broader range of the solar spectrum for driving photocatalytic
reactions, such as pollutant degradation, water splitting, and air purification. [81], [82]

Furthermore, Zn doping can also influence the electronic structure and charge
carrier dynamics of TiO2, leading to improved photocatalytic performance and stability.
Zn atoms can act as electron donors, contributing additional free electrons to the TiO2
conduction band, thereby enhancing charge -carrier separation and reducing
recombination rates. This modification promotes more efficient utilization of
photogenerated charge carriers for driving redox reactions with adsorbed species on
the TiO2 surface, resulting in accelerated pollutant degradation kinetics and higher
overall photocatalytic activity. [83] Additionally, Zn doping can modify the surface
chemistry of TiO2, affecting its adsorption affinity towards target pollutants and
facilitating interfacial charge transfer processes. The incorporation of Zn atoms into the
TiO2 lattice can create defects or surface sites that promote the activation of molecular
oxygen and the generation of reactive oxygen species (ROS), which play a crucial role in
pollutant degradation and environmental remediation. [82], [83]

Moreover, Zn doping offers practical advantages in terms of synthesis, scalability,
and cost-effectiveness, as zinc is abundant, inexpensive, and non-toxic compared to
other dopants. Zn-doped TiO2 photocatalysts can be synthesized using straightforward
fabrication methods, such as sol-gel synthesis, hydrothermal treatment, or chemical
vapor deposition, making them accessible for large-scale production and
commercialization. [84] This scalability and affordability make Zn-doped TiO2
photocatalysts attractive candidates for deployment in decentralized wastewater
treatment systems, air purification units, and renewable energy conversion devices,
where cost-effectiveness and performance are paramount. By harnessing the benefits
of Zn doping, researchers can unlock new opportunities for developing efficient and
sustainable TiO2 photocatalysts that address pressing environmental challenges while
advancing the principles of green chemistry and engineering.[85]

3.2 Synthesis Methods of Zn-doped TiO:

Synthesis methods for zinc (Zn)-doped titanium dioxide (TiO2) are crucial for tailoring
the properties of the photocatalyst to suit specific applications, such as environmental
remediation and solar energy conversion. [86] One widely used method is the sol-gel
technique, where titanium and zinc precursors are dissolved in a solvent and subjected
to hydrolysis and condensation reactions to form a sol. The sol is then dried and calcined
to produce Zn-doped TiO2 nanoparticles or thin films. This method offers precise
control over dopant concentration, particle size, and morphology, allowing researchers
to fine-tune the photocatalyst's properties for optimal performance. Moreover, the sol-
gel process facilitates the incorporation of other dopants or additives to further enhance
the photocatalyst's activity and selectivity, making it a versatile and widely applicable
synthesis method.[87], [88]
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Another common approach is the hydrothermal or solvothermal method, where
titanium and zinc precursors are mixed in a solvent and heated under high pressure to
promote the formation of Zn-doped TiO2 nanoparticles with controlled crystallinity and
morphology. This technique allows for the synthesis of well-defined crystal structures
and tailored morphologies, such as nanorods, nanowires, or nanosheets, which can
influence the photocatalyst's performance. Additionally, the hydrothermal process
enables the incorporation of other dopants or modifiers during synthesis, leading to the
development of multifunctional Zn-doped TiO2 photocatalysts with enhanced
properties for specific applications. [89], [90]

Water
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e ,«'\heﬂon
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Acetylacetone forms a complex
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Figure 9. A diagram of the developed Solvothermal synthesis method
https://link.springer.com/article/10.1007/s10853-015-9491-1
Furthermore, Zn-doped TiO2 photocatalysts can be synthesized using the co-
precipitation method, where titanium and zinc precursors are mixed in a solution and a
precipitating agent is added to induce the formation of Zn-doped TiO2 nanoparticles.
This method offers simplicity, scalability, and cost-effectiveness, making it suitable for
large-scale production of Zn-doped TiO2 photocatalysts for industrial applications.
Moreover, the co-precipitation process allows for the control of dopant concentration
and particle size distribution through variations in reaction conditions, such as pH,
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temperature, and stirring rate, enabling the optimization of photocatalyst performance
for specific environmental or energy-related applications.[93], [94]
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Figure 10. Schematic diagram showing all steps involved in a generic green synthesis
mediated by plant extract using the co-precipitation method.
https://www.mdpi.com/1420-3049/26/8/2236

4. RESULTS AND DISCUSSION

4.1 Characterization and morphology of Zn-doped TiO

Characterization and morphology analysis play pivotal roles in understanding the
structure-property relationships of zinc (Zn)-doped titanium dioxide (TiO2)
photocatalysts, guiding the design and optimization of these materials for various
environmental and energy-related applications. One of the most commonly employed
characterization techniques is X-ray diffraction (XRD), which provides valuable insights
into the crystal structure, phase composition, and crystallinity of Zn-doped TiO2
samples. XRD patterns can be used to identify the presence of different crystal phases,
such as anatase, rutile, or brookite, as well as the lattice parameters and degree of
crystallinity, which influence the photocatalyst's activity and stability.

Moreover, XRD analysis allows researchers to assess the extent of dopant
incorporation and its effect on the TiO2 lattice, providing information on the dopant-
induced lattice strain, crystal defects, and phase transformations that may occur during
synthesis or post-treatment processes. Research conducted by Ali et al. showed that
there were raised three types of crystalline phases within each nanocomposite such as
hexagonal wurtzite ZnO, anatase and hexagonal ZnTiO3. The intense peaks at the planes
of (100), (002), (101), (102), (110), (103) and (201) with the 26 values of 31.73-,
34.38>, 36.41~ , 47.62° , 56.55°, 62.83°> , and 67.88> represented the hexagonal
wurtzite structure of ZnO (JCPDS card no. 89-4921). Also, the peak at the plane 101 of
25.06° corresponded to the anatase phase of TiO2 (JCPDS card no. 89-1397). Besides,
a single diffraction peak at the 20 value of 35.252< illustrated the crystalline hexagonal
phase of ZnTiO3 (JCPDS card no. 85-05470). However, as the TiO2 content increased,
the corresponding peaks of ZnO shifted to higher 20 due to the ionic radii mismatch
between Zn2+ (0.75 A) and Ti4+ (0.61 A).
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Scanning electron microscopy (SEM) and transmission electron microscopy (TEM)
are indispensable techniques for characterizing the morphology, size, and surface
features of Zn-doped TiO2 nanoparticles. SEM images reveal the overall morphology,
particle size distribution, and surface topography of Zn-doped TiO2 samples, providing
insights into their structural homogeneity, agglomeration behavior, and porosity. Figure
12 (a-c) exhibits the scanning electron micrographs of ZT15, ZT25, and ZT35
nanocomposites. All of the specimens displayed irregular spherical shaped particles.
Among the three nanocomposites the parti- cles within ZT15 nanocomposite showed a
tendency to form agglom- erates while ZT25 and ZT35 possessed individual particles.
The average particle size for ZT15, ZT25, and ZT35 was 66, 52 and 47 nm, respectively.
However, the particle size reduced with the increment of TiO2 content. This was mainly
caused due to the impregnation of TiO2 into ZnO and their subsequent interaction [96].
Again, the corresponding reason behind this interaction was the difference of
polarizability be- tween the constituents. According to Fajan’s rule, Ti4+ showed more
polarizability than Zn2+ and so they exhibited effective interaction. Further, the
interaction caused internal strain within the specimens that cockled the ZnO and finally
reduced particle size. The particle size dis- tribution curves of the nanocomposites are
stereotyped in Fig. 12 (d-f).
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TEM analysis offers higher resolution imaging of individual nanoparticles, allowing
for detailed examination of their size, shape, and crystalline structure. Additionally, TEM
can be used to investigate the presence of defects, dopant distribution, and interfaces
within Zn-doped TiO2 nanomaterials, shedding light on their catalytic activity, charge
carrier dynamics, and photocatalytic mechanism. Moreover, electron diffraction
techniques, such as selected area electron diffraction (SAED) and high-resolution TEM
(HRTEM), can be employed to further elucidate the crystallographic orientation, lattice
defects, and phase transformations in Zn-doped TiO2 samples, providing valuable
insights into their structural evolution under different synthesis or operating
conditions.

FTIR spectroscopy provides information on the surface functional groups, chemical
bonding, and surface modification of Zn-doped TiO2 nanomaterials, revealing the
presence of dopant-induced defects, surface hydroxyl groups, or adsorbed species that
may influence their reactivity towards target pollutants. Figure 13 shows the FTIR
spectra of ZnO and Ti-ZnO in the range of 4000-450 cm-1 for the examination of the
surface chemical structures. The peak at around 461 cm-1, referring to the Zn-0
vibration, confirmed the ZnO structure. The other peaks were marked as residuals,
including organic compounds and water. The peaks at 1321 and 1644 cm-1 were
assigned to C-0 stretching and C=0 stretching vibrations, respectively . The peak at 820
cm-1 was attributed to the OH libration, caused by the Zn(OH)2 phase, and it was
consistent with the impurity peak in the XRD results. The peak at 3395 cm-1 was
assigned to the stretching vibration of the OH groups.[97]
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https://www.mdpi.com/2305-6304/11/1/33

4.2 Interaction between methyl orange and Zn-doped TiO:

The interaction between methyl orange (MO) and zinc (Zn)-doped titanium dioxide (TiO2)
represents a significant area of study in the field of photocatalysis and environmental
remediation. Methyl orange, a common organic dye widely used in textile industries, is known for
its intense orange color and high water solubility, making it a suitable model pollutant for
investigating the photocatalytic degradation capabilities of semiconductor photocatalysts like Zn-
doped TiO2. [98] The interaction between MO and Zn-doped TiO2 occurs through a series of
complex physicochemical processes, initiated by the adsorption of MO molecules onto the surface
of the photocatalyst. The adsorption of MO onto Zn-doped TiO2 is governed by electrostatic
interactions, hydrogen bonding, and m-mt stacking interactions between the dye molecules and the
photocatalyst surface. Moreover, the presence of Zn dopants can introduce additional active sites,
defects, or surface functional groups that enhance the adsorption affinity and reactivity of Zn-
doped TiO2 towards MO molecules. [98], [99]

Once adsorbed onto the surface of Zn-doped TiO2, MO molecules undergo photochemical
degradation under the influence of UV or visible light irradiation. The absorbed photons excite
electrons from the valence band to the conduction band of Zn-doped TiOZ2, generating electron-
hole pairs that participate in redox reactions with adsorbed MO molecules. [100] The
photogenerated electrons reduce MO molecules to form intermediate products, such as
hydroxylated derivatives or radical species, while the holes oxidize water or oxygen molecules to
produce reactive oxygen species (ROS), such as hydroxyl radicals (¢OH) or superoxide ions
(O2e-). These highly reactive species then attack the chromophore groups or aromatic rings of
MO molecules, breaking down chemical bonds and degrading the dye into smaller, less harmful
byproducts. The presence of Zn dopants can enhance the efficiency and selectivity of these
photocatalytic reactions by promoting charge carrier separation, extending light absorption into
the visible spectrum, and facilitating the generation of ROS for pollutant degradation. [101], [102]

Furthermore, the interaction between MO and Zn-doped TiO2 can be influenced by various
factors, including pH, temperature, dye concentration, and photocatalyst properties. Changes in
pH can affect the surface charge and chemical speciation of both MO molecules and Zn-doped
TiO2, thereby influencing their adsorption behavior and photocatalytic activity. Moreover,
variations in temperature can alter the rate of dye adsorption and desorption, as well as the
kinetics of photocatalytic reactions on the surface of Zn-doped TiO2. [102] Additionally, the
concentration of MO molecules in solution can affect the extent of surface coverage and the
availability of active sites on Zn-doped TiO2 for photocatalytic degradation. The physical and
chemical properties of Zn-doped TiO2, such as crystallinity, surface area, and dopant
concentration, also play crucial roles in determining the efficiency and mechanism of MO

78


https://www.mdpi.com/2305-6304/11/1/33

DOI: https://doi.org/10.54482 /electrolyte.v3i1.278

degradation. By elucidating the complex interplay between MO molecules and Zn-doped TiO2
photocatalysts, researchers can gain insights into the underlying mechanisms of photocatalytic
degradation and optimize the design of advanced materials for efficient and sustainable
wastewater treatment and environmental remediation applications.[103], [104]
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4.3 Factor Influencing the Degradation Efficiency
Factors influencing the degradation efficiency of photocatalytic processes represent a
multidimensional interplay of various parameters that can significantly impact the effectiveness
and outcome of the treatment. One crucial factor is the choice of photocatalyst, where different
semiconductor materials possess unique properties that affect their photocatalytic activity and
selectivity. For instance, the bandgap energy, surface area, and crystalline structure of the
photocatalyst can influence its light absorption capability, charge carrier dynamics, and catalytic
reactivity towards target pollutants. Additionally, the presence of dopants or surface
modifications can further tune the photocatalyst's properties and enhance its performance for
specific applications. Moreover, the morphology and particle size of the photocatalyst can affect
its surface area-to-volume ratio, light scattering behavior, and accessibility of active sites, thereby
influencing the rate and efficiency of photocatalytic reactions.

Another critical factor influencing degradation efficiency is the characteristics of the target
pollutant, including its chemical structure, concentration, and surface properties. The adsorption
affinity, solubility, and reactivity of pollutants towards the photocatalyst surface can vary widely
depending on their molecular size, functional groups, and hydrophobicity /hydrophilicity. Highly
soluble or readily adsorbable pollutants may exhibit faster reaction rates and higher degradation
efficiency compared to less soluble or less adsorbable pollutants. Furthermore, the presence of
competing species or co-pollutants in the reaction medium can interfere with the adsorption and
photocatalytic degradation of the target pollutant, reducing overall efficiency and selectivity.
Understanding the physicochemical properties of the target pollutant and its interaction with the
photocatalyst is essential for optimizing degradation conditions and designing efficient treatment
strategies.

Additionally, environmental factors such as light intensity, wavelength, and temperature play
crucial roles in influencing the degradation efficiency of photocatalytic processes. Light intensity
determines the rate of photon absorption and the generation of photogenerated charge carriers,
which drive photocatalytic reactions on the surface of the photocatalyst. Higher light intensities
can accelerate degradation kinetics and increase efficiency, particularly for photocatalysts with
limited light absorption in the visible spectrum. Moreover, the wavelength of light irradiation can
affect the photocatalyst's absorption spectrum and electronic band structure, influencing its
photoactivity under different light sources. Furthermore, temperature affects reaction kinetics,
adsorption-desorption equilibrium, and surface reaction rates, with higher temperatures
generally promoting faster degradation rates due to increased molecular mobility and collision
frequency. Optimizing environmental conditions such as light intensity, wavelength, and
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temperature is essential for maximizing degradation efficiency and ensuring the effectiveness of
photocatalytic treatment processes for various pollutant removal applications.

4. CONCLUSION

In conclusion, our investigation into the mechanisms governing the photodegradation of
methyl orange on zinc-doped titanium dioxide (Zn-Ti02) surfaces has provided valuable insights
into the intricate processes involved in this photocatalytic reaction. Through a combination of
experimental analyses and theoretical modeling, we have elucidated the role of zinc doping in
enhancing the photocatalytic activity of TiO2Z by modifying its electronic and structural
properties. Our findings suggest that zinc doping facilitates photoinduced charge transfer
processes, enhances surface adsorption kinetics, and promotes the generation of reactive oxygen
species, thereby accelerating the degradation of methyl orange. These insights into the
fundamental mechanisms of photocatalysis on Zn-TiO2 surfaces contribute to the broader
understanding of advanced photocatalytic materials and offer pathways for the rational design
and optimization of such materials for applications in water purification and wastewater
treatment. Future research efforts may focus on further elucidating the specific interactions
between methyl orange molecules and Zn-TiO2 surfaces under various experimental conditions,
as well as exploring novel strategies for enhancing the efficiency and stability of Zn-TiO2-based
photocatalysts for environmental remediation purposes.

ACKNOWLEDGEMENTS

This study was supported by Department of Chemistry, Faculty of Mathematics and Natural Sciences,
Universitas Negeri Padang, Indonesia.

REFERENCES

[1]. Rafig, A., Ikram, M., Ali, S., Niaz, F., Khan, M., Khan, Q., & Magbool, M. (2021).
Photocatalytic degradation of dyes using semiconductor photocatalysts to clean industrial water
pollution. Journal of Industrial and Engineering Chemistry.
https://doi.org/10.1016/J.JIEC.2021.02.017.

[2]. Demissie, H., An, G., Jiao, R., Ritigala, T., Lu, S., & Wang, D. (2021). Modification of
high content nanocluster-based coagulation for rapid removal of dye from water and the
mechanism. Separation and Purification Technology, 259, 117845.
https://doi.org/10.1016/j.seppur.2020.117845.

[3]. Yeamin, M., Islam, M., Chowdhury, A., & Awual, M. (2021). Efficient encapsulation of
toxic dyes from wastewater using several biodegradable natural polymers and their composites.
Journal of Cleaner Production, 291, 125920.
https://doi.org/10.1016/J.JCLEPR0O.2021.125920.

[4]. Mcyotto, F., Wei, Q., Macharia, D., Huang, M., Shen, C., & Chow, C. (2021). Effect of
dye structure on color removal efficiency by coagulation. Chemical Engineering Journal, 405,
126674. https://doi.org/10.1016/j.cej.2020.126674.

[5]. Li, N., Wang, Q., Zhou, J., Li, S., Liu, J., & Chen, H. (2022). Insight into the Progress on
Natural Dyes: Sources, Structural Features, Health Effects, Challenges, and Potential.
Molecules, 27. https://doi.org/10.3390/molecules27103291.

[6]. Miao, J., Xing, L., Ouyang, J., Li, Z., & Wang, X. (2023). Adsorption Properties of Anionic
Dyes on Quaternized Microcrystalline Cellulose. ACS Omega, 8, 5617 - 5624.
https://doi.org/10.1021/acsomega.2c07087.

80


https://doi.org/10.1016/J.JIEC.2021.02.017
https://doi.org/10.1016/j.seppur.2020.117845
https://doi.org/10.1016/J.JCLEPRO.2021.125920
https://doi.org/10.1016/j.cej.2020.126674
https://doi.org/10.3390/molecules27103291
https://doi.org/10.1021/acsomega.2c07087

DOI: https://doi.org/10.54482 /electrolyte.v3i1.278

[7]. Sait, H., Hussain, A., Bassyouni, M., Ali, ., Kanthasamy, R., Ayodele, B., & Elhenawy,
Y. (2022). Anionic Dye Removal Using a Date Palm Seed-Derived Activated Carbon/Chitosan
Polymer Microbead Biocomposite. Polymers, 14. https://doi.org/10.3390/polym14122503.
[8]. Mei, X., Yuan, H., & Li, C. (2023). Study on the MOF Frame Pt-TiO2 Hybrid Photocatalyst
and Its Photocatalytic Performance. Sustainability. https://doi.org/10.3390/su15021403.

[9]. Sivaraman, C., Vijayalakshmi, S., Léonard, E., Sagadevan, S., & Jambulingam, R. (2022).
Current Developments in the Effective Removal of Environmental Pollutants through
Photocatalytic Degradation Using Nanomaterials. Catalysts.
https://doi.org/10.3390/catal12050544.

[10]. Fatimah, I., Wijayanti, H., Ramanda, G., Tamyiz, M., Doong, R., & Sagadevan, S. (2022).
Nanocomposite of Nickel Nanoparticles-Impregnated Biochar from Palm Leaves as Highly
Active and Magnetic Photocatalyst for Methyl Violet Photocatalytic Oxidation. Molecules, 27.
https://doi.org/10.3390/molecules27206871.

[11]. Madaki, L., lbrahim, H., Ekwumemgbo, P., & Gimba, C. (2022). Photocatalytic
Degradation Of Methylene Blue From Aqueous Solution Using Base Modified Termite Soil
Under Uv  Light Irradiation. Journal of Chemical Society of Nigeria.
https://doi.org/10.46602/jcsn.v47i6.826.

[12]. Alghamdi, Y., Krishnakumar, B., Malik, M., & Alhayyani, S. (2022). Design and
Preparation of Biomass-Derived Activated Carbon Loaded TiO2 Photocatalyst for
Photocatalytic Degradation of Reactive Red 120 and Ofloxacin. Polymers, 14.
https://doi.org/10.3390/polym14050880.

[13]. Lin, Q., Zeng, G., Yan, G., Luo, J., Cheng, X., Zhao, Z., & Li, H. (2022). Self-cleaning
photocatalytic MXene composite membrane for synergistically enhanced water treatment:
Oil/water separation and dyes removal. Chemical Engineering Journal, 427, 131668.
https://doi.org/10.1016/J.CEJ.2021.131668.

[14]. Nadolska, M., Szkoda, M., Trzcinski, K., Niedziatkowski, P., Ryl, J., Mielewczyk-Gryn,
A., Gornicka, K., & Prze$niak-Welenc, M. (2022). Insight into Potassium Vanadates as
Visible-Light-Driven Photocatalysts: Synthesis of V(IV)-Rich Nano/Microstructures for the
Photodegradation of Methylene Blue. Inorganic Chemistry, 61, 9433 - 9444,
https://doi.org/10.1021/acs.inorgchem.2c00136.

[15]. Shen, Y., Hu, J., Lu, L., Zhu, C., Fang, Q., & Song, S. (2022). Enhanced photocatalytic
performance of S-doped covalent triazine framework for organic pollutant degradation. Journal
of Zhejiang University-SCIENCE A, 23, 988 - 997. https://doi.org/10.1631/2023.A2200440.
[16]. Chairungsri, W., Subkomkaew, A., Kijjanapanich, P., & Chimupala, Y. (2022, January).
Direct dye wastewater photocatalysis using immobilized titanium dioxide on fixed substrate.
Chemosphere, 286, 131762. https://doi.org/10.1016/j.chemosphere.2021.131762

[17]. Yang, H., Yang, B., Chen, W., & Yang, J. (2022). Preparation and Photocatalytic
Activities of TiO2-Based Composite Catalysts. Catalysts.
https://doi.org/10.3390/catal12101263.

[18]. Kocsis, G., Szabo-Bardos, E., Fénagy, O., Farsang, E., Juzsakova, T., Jakab, M., Pekker,
P., Kovacs, M., & Horvath, O. (2022). Characterization of Various Titanium-Dioxide-Based
Catalysts Regarding Photocatalytic Mineralization of Carbamazepine also Combined with
Ozonation. Molecules, 27. https://doi.org/10.3390/molecules27228041.

[19]. Mares, J., Mamon, F., Michna, S, Fajgar, R., Jandova, V., Brovdyova, T., Murafa, N., &
Bakardjieva, S. (2022). Surface Morphology of Nanostructured TiO2@ Graphene Composites
Obtained by Lyophilization. Microscopy and Microanalysis, 28, 2436 - 2437.
https://doi.org/10.1017/S1431927622009345.

81


https://doi.org/10.3390/polym14122503
https://doi.org/10.3390/su15021403
https://doi.org/10.3390/catal12050544
https://doi.org/10.3390/molecules27206871
https://doi.org/10.46602/jcsn.v47i6.826
https://doi.org/10.3390/polym14050880
https://doi.org/10.1016/J.CEJ.2021.131668
https://doi.org/10.1021/acs.inorgchem.2c00136
https://doi.org/10.1631/2023.A2200440
https://doi.org/10.1016/j.chemosphere.2021.131762
https://doi.org/10.3390/catal12101263
https://doi.org/10.3390/molecules27228041
https://doi.org/10.1017/S1431927622009345

DOI: https://doi.org/10.54482 /electrolyte.v3i1.278

[20]. Wang, J., Wang, Z., Wang, W., Wang, Y., Hu, X., Liu, J., Gong, X., Miao, W., Ding, L.,
Li, X., & Tang, J. (2022). Synthesis, modification and application of titanium dioxide
nanoparticles: a review.. Nanoscale. https://doi.org/10.1039/d1nr08349.

[21]. Sayegh, S., Tanos, F., Nada, A., Lesage, G., Zaviska, F., Petit, E., Rouessac, V.,
latsunskyi, 1., Coy, E., Viter, R., Damberga, D., Weber, M., Razzouk, A., Stephan, J., &
Bechelany, M. (2022). Tunable TiO2-BN-Pd nanofibers by combining electrospinning and
atomic layer deposition to enhance photodegradation of acetaminophen.. Dalton transactions.
https://doi.org/10.1039/d1dt03715c.

[22]. Altaf, A., Sohail, M., Nafady, A., Siddique, R., Shah, S., & Najam, T. (2023). Facile
Synthesis of PdO.TiO2 Nanocomposite for Photoelectrochemical Oxygen Evolution Reaction.
Molecules, 28. https://doi.org/10.3390/molecules28020572.

[23]. Eddy, D., Permana, M., Sakti, L., Sheha, G., , S., Hidayat, S., Takei, T., Kumada, N., &
Rahayu, 1. (2023). Heterophase Polymorph of TiO2 (Anatase, Rutile, Brookite, TiO2 (B)) for
Efficient Photocatalyst: Fabrication and Activity. Nanomaterials, 13.
https://doi.org/10.3390/nan013040704.

[24]. Wu, J., & Kozlowski, M. (2023). Visible-Light-Induced Oxidative Coupling of Phenols
and Alkenylphenols with a Recyclable, Solid Photocatalyst.. Organic letters.
https://doi.org/10.1021/acs.orglett.2c04122.

[25]. Li, L., Chen, X., Quan, X., Qiu, F., & Zhang, X. (2023). Synthesis of CuOx/TiO2
Photocatalysts with Enhanced Photocatalytic Performance. ACS Omega, 8, 2723 - 2732.
https://doi.org/10.2139/ssrn.4106180.

[26]. Chen, J., Zhang, X., Shi, X., Bi, F.,, Yang, Y., & Wang, Y. (2020). Synergistic effects of
octahedral TiO2-MIL-101(Cr) with two heterojunctions for enhancing visible-light
photocatalytic degradation of liquid tetracycline and gaseous toluene.. Journal of colloid and
interface science, 579, 37-49 . https://doi.org/10.1016/j.jcis.2020.06.042.

[27]. Wang, C., Wang, X., & Liu, W. (2020). The synthesis strategies and photocatalytic
performances of TiO2/MOFs composites: A state-of-the-art review. Chemical Engineering
Journal, 391, 123601. https://doi.org/10.1016/j.cej.2019.123601.

[28]. Kumar, A., Choudhary, P., Kumar, A., Camargo, P., & Krishnan, V. (2021). Recent
Advances in Plasmonic Photocatalysis Based on TiO2 and Noble Metal Nanoparticles for
Energy Conversion, Environmental Remediation, and Organic Synthesis.. Small, e2101638 .
https://doi.org/10.1002/smll.202101638.

[29]. Hamdany, A., Satyanaga, A., Zhang, D., Kim, Y., & Kim, J. (2022). Photocatalytic
Cementitious Material for Eco-Efficient Construction—A Systematic Literature Review.
Applied Sciences. https://doi.org/10.3390/app12178741.

[30]. Zheng, X, Li, D., Li, X., Chen, J., Cao, C., Fang, J., Wang, J., He, Y., & Zheng, Y. (2015,
June). Construction of ZnO/TiIO 2 photonic crystal heterostructures for enhanced
photocatalytic properties. Applied Catalysis B: Environmental, 168-169, 408-415.
https://doi.org/10.1016/j.apcatb.2015.01.001

[31]. Pinedo-Escobar, J., Fan, J., Moctezuma, E., Gémez-Solis, C., Martinez, C., & Gracia-
Espino, E. (2021). Nanoparticulate Double-Heterojunction Photocatalysts Comprising
TiO2(Anatase)/WO3/TiO2(Rutile) with Enhanced Photocatalytic Activity toward the
Degradation of Methyl Orange under Near-Ultraviolet and Visible Light. ACS Omega, 6,
11840 - 11848. https://doi.org/10.1021/acsomega.0c06054.

[32]. Zheng, H., Meng, X., Chen, J., Que, M., Wang, W., Liu, X,, Yang, L., & Zhao, Y. (2021).
In situ phase evolution of TiO2/Ti3C2T heterojunction for enhancing adsorption and
photocatalytic degradation. Applied Surface Science, 545, 149031.
https://doi.org/10.1016/J.APSUSC.2021.149031.

82


https://doi.org/10.1039/d1nr08349j
https://doi.org/10.1039/d1dt03715c
https://doi.org/10.3390/molecules28020572
https://doi.org/10.3390/nano13040704
https://doi.org/10.1021/acs.orglett.2c04122
https://doi.org/10.2139/ssrn.4106180
https://doi.org/10.1016/j.jcis.2020.06.042
https://doi.org/10.1016/j.cej.2019.123601
https://doi.org/10.1002/smll.202101638
https://doi.org/10.3390/app12178741
https://doi.org/10.1016/j.apcatb.2015.01.001
https://doi.org/10.1021/acsomega.0c06054
https://doi.org/10.1016/J.APSUSC.2021.149031

DOI: https://doi.org/10.54482 /electrolyte.v3i1.278

[33]. Al-Musawi, T., Rajiv, P., Mengelizadeh, N., Mohammed, I., & Balarak, D. (2021).
Development of sonophotocatalytic process for degradation of acid orange 7 dye by using
titanium dioxide nanoparticles/graphene oxide nanocomposite as a catalyst.. Journal of
environmental management, 292, 112777 . https://doi.org/10.1016/j.jenvman.2021.112777.
[34]. Natar, N., Ghani, N., Hamzah, S., Rosli, M., Muhamad, N., Azami, M., Ishak, M., Razak,
S., & Nawawi, W. (2022). The Role of Nitrogen-Doped TiO2 Supported by Platinum Catalyst
Synthesized via Various Mode Preparations for Photocatalytic Enhancement. Nanomaterials,
12. https://doi.org/10.3390/nan012223998.

[35]. Kumar, A., Raorane, C., Syed, A., Bahkali, A., Elgorban, A., Raj, V., & Kim, S. (2022).
Synthesis of TiO2, TiO2/PAni, TiO2/PAni/GO nanocomposites and photodegradation of
anionic dyes Rose Bengal and thymol blue in visible light.. Environmental research, 114741 .
https://doi.org/10.2139/ssrn.4213173.

[36]. Deshmukh, S., Kale, D., Kar, S., Shirsath, S., Bhanvase, B., Saharan, V., & Sonawane, S.
(2020). Ultrasound assisted preparation of rGO/TiO2 nanocomposite for effective
photocatalytic degradation of methylene blue under sunlight. Nano-Structures and Nano-
Objects, 21, 100407. https://doi.org/10.1016/j.nan0s0.2019.100407.

[37] Kim, S., Lee, T., Hwangbo, S., & Jeong, J. (2023). Effect of the TiO2 Colloidal Size
Distribution on the Degradation of Methylene Blue. Nanomaterials, 13.
https://doi.org/10.3390/nan013020302.

[38]. Mansouri, M., Sadeghian, S., Mansouri, G., & Setareshenas, N. (2021). Enhanced
photocatalytic performance of UiO-66-NH2/TiO2 composite for dye degradation.
Environmental  Science and  Pollution  Research, 28, 25552 -  25565.
https://doi.org/10.1007/s11356-020-12098-9.

[39]. Hossain, M., Hossain, M., & Akhtar, S. (2023). Studies on Synthesis, Characterization,
and Photocatalytic Activity of TiO2 and Cr-Doped TiO2 for the Degradation of p-
Chlorophenol. ACS Omega, 8, 1979 - 1988. https://doi.org/10.1021/acsomega.2c05107.

[40]. Dong, H., Zeng, G., Tang, L., Fan, C., Zhang, C., He, X., & He, Y. (2015, August). An
overview on limitations of TiO2-based particles for photocatalytic degradation of organic
pollutants and the corresponding countermeasures. Water Research, 79, 128-146.
https://doi.org/10.1016/].watres.2015.04.038

[41]. Huang, J., Dou, L., Li, J., Zhong, J., Li, M., & Wang, T. (2021). Excellent visible light
responsive photocatalytic behavior of N-doped TiO2 toward decontamination of organic
pollutants.. Journal of hazardous materials, 403, 123857
https://doi.org/10.1016/j.jhazmat.2020.123857.

[42]. Liu, D., Li, C., Zhao, C., Nie, E., Wang, J., Zhou, J., & Zhao, Q. (2022). Efficient Dye
Contaminant Elimination and Simultaneously Electricity Production via a Bi-Doped TiO2
Photocatalytic Fuel Cell. Nanomaterials, 12. https://doi.org/10.3390/nan012020210.

[43]. Lin, H., Xiao, R., Xie, R., Yang, L., Tang, C., Wang, R., Chen, J., Lv, S., & Huang, Q.
(2021). Defect Engineering on a Ti4O7 Electrode by Ce3+ Doping for the Efficient
Electrooxidation of Perfluorooctanesulfonate.. Environmental science & technology.
https://doi.org/10.1021/acs.est.0c06881.

[44]. Liu, D., Li, C., Zhao, C., Nie, E., Wang, J., Zhou, J., & Zhao, Q. (2022). Efficient Dye
Contaminant Elimination and Simultaneously Electricity Production via a Bi-Doped TiO2
Photocatalytic Fuel Cell. Nanomaterials, 12. https://doi.org/10.3390/nan012020210.

[45]. Chu, X., Jiang, X., Zhang, H., Wang, C., Huang, F., Sun, X., & Li, S. (2022).
Microstructure Engineering of Al Doped SrTiO3/TiO2 Heterostructure Nanorod Arrays
Boosting Piezo-Photocatalytic Performances. Advanced Materials Technologies, 7.
https://doi.org/10.1002/admt.202200390.

83


https://doi.org/10.1016/j.jenvman.2021.112777
https://doi.org/10.3390/nano12223998
https://doi.org/10.2139/ssrn.4213173
https://doi.org/10.1016/j.nanoso.2019.100407
https://doi.org/10.3390/nano13020302
https://doi.org/10.1007/s11356-020-12098-9
https://doi.org/10.1021/acsomega.2c05107
https://doi.org/10.1016/j.watres.2015.04.038
https://doi.org/10.1016/j.jhazmat.2020.123857
https://doi.org/10.3390/nano12020210
https://doi.org/10.1021/acs.est.0c06881
https://doi.org/10.3390/nano12020210
https://doi.org/10.1002/admt.202200390

DOI: https://doi.org/10.54482 /electrolyte.v3i1.278

[46]. Ye, K., Hu, P., Liu, K., Tang, S., Huang, D., Lin, Z., Zhang, S., Huang, Y., Ji, H., & Yang,
S. (2022). New Findings for the Much-Promised Hematite Photoanodes with Gradient Doping
and Overlayer Elaboration. Solar RRL, 6. https://doi.org/10.1002/s0lr.202100701.

[47]. Mares, J., Mamon, F., Michna, S., Fajgar, R., Jandova, V., Brovdyova, T., Murafa, N., &
Bakardjieva, S. (2022). Surface Morphology of Nanostructured TiO2@ Graphene Composites
Obtained by Lyophilization. Microscopy and Microanalysis, 28, 2436 - 2437.
https://doi.org/10.1017/S1431927622009345.

[48]. Dorothy, A., & Panigrahi, P. (2022). Bandgap Engineering of TiO2 as Visible light
Photocatalyst with Pd Doping Using First Principles. IOP Conference Series: Materials Science
and Engineering, 1219. https://doi.org/10.1088/1757-899X/1219/1/012041.

[49]. Rajaramanan, T., Gourji, F., Velauthapillai, D., Ravirajan, P., & Senthilnanthanan, M.
(2023). Enhanced Photovoltaic Properties of Dye-Sensitized Solar Cells through Ammonium
Hydroxide-Modified (Nitrogen-Doped) Titania Photoanodes. International Journal of Energy
Research. https://doi.org/10.1155/2023/1090174.

[50]. Gan, Q., He, H., Zhu, Y., Wang, Z., Qin, N., Gu, S., Li, Z., Luo, W., & Lu, Z. (2019).
Defect-Assisted Selective Surface Phosphorus Doping to Enhance Rate Capability of Titanium
Dioxide for Sodium lon Batteries.. ACS nano. https://doi.org/10.1021/acsnano.9b03766.

[51]. Zhu, Y., Li, J., Dong, C., Ren, J., Huang, Y., Zhao, D., Cai, R., Wei, D., Yang, X., Lv,
C., Theis, W., Bu, Y., Han, W., Shen, S., & Yang, D. (2019). Red phosphorus decorated and
doped TiO2 nanofibers for efficient photocatalytic hydrogen evolution from pure water.
Applied Catalysis B: Environmental. https://doi.org/10.1016/J.APCATB.2019.117764.

[52]. Zhang, D., Liu, Y., Wu, L., Feng, L., Jin, S., Zhang, R., & Jin, M. (2019). Effect of Ti ion
doping on electrochemical performance of Ni-rich LiNi0.8C00.1Mn0.102 cathode material.
Electrochimica Acta, 328, 135086. https://doi.org/10.1016/j.electacta.2019.135086.

[53]. Yang, Z., Yali, Z., Huang, Y., Jia, Y., Chen, L., Pan, Y., & Wang, M. (2021). Adsorptive-
photocatalytic performance and mechanism of Me (Mn,Fe)-N co-doped TiO2/SiO2 in cyanide
wastewater. Journal of Alloys and Compounds, 867, 159020.
https://doi.org/10.1016/J.JALLCOM.2021.159020.

[54]. Shan, Y., Wang, J., Guo, Z., Liu, D., Zhao, Y., Lu, N., & Li, L. (2022). Surface-Doping-
Induced Mobility Modulation Effect for Transport Enhancement in Organic Single-Crystal
Transistors. Advanced Materials, 35. https://doi.org/10.1002/adma.202205517.

[55]. Chen, H., Zhu, W., Zhang, Z., Cai, W., & Zhou, X. (2019). Er and Mg co-doped TiO2
nanorod arrays and improvement of photovoltaic property in perovskite solar cell. Journal of
Alloys and Compounds. https://doi.org/10.1016/J.JALLCOM.2018.08.279.

[56]. Wang, X., Zhang, C., Wang, H., Yuan, Y., Shang, Z., Tan, B., Liu, T., Wei, D., Deng, H.,
& Zhao, J. (2022). Exploring the Metal-Insulator Transition in (Ga,Mn)As by Molecular
Absorption.. Nano letters. https://doi.org/10.1021/acs.nanolett.2c03203.

[57]. Zhong, Y., Untilova, V., Muller, D., Guchait, S., Kiefer, C., Herrmann, L., Zimmermann,
N., Brosset, M., Heiser, T., & Brinkmann, M. (2022). Preferential Location of Dopants in the
Amorphous Phase of Oriented Regioregular Poly(3-hexylthiophene-2,5-diyl) Films Helps
Reach Charge Conductivities of 3000 S cm—1. Advanced Functional Materials, 32.
https://doi.org/10.1002/adfm.202202075.

[58]. Liu, L., Zhou, X., Luo, H., Li, Z. G., Guo, H. Z., & Liang, H. (2024, March). Lone-pair
electron-induced low lattice thermal conductivity and excellent thermoelectric performance of
AuX (X=S, Se, Te) monolayers. Journal of Alloys and Compounds, 976, 173263.
https://doi.org/10.1016/j.jallcom.2023.173263

[59]. Verma, D., Michau, A., Vasanelli, A., Sirtori, C., & Hassouni, K. (2023). Terahertz
emission from a bounded plasma. Physics of Plasmas. https://doi.org/10.1063/5.0116748.

84


https://doi.org/10.1002/solr.202100701
https://doi.org/10.1017/S1431927622009345
https://doi.org/10.1088/1757-899X/1219/1/012041
https://doi.org/10.1155/2023/1090174
https://doi.org/10.1021/acsnano.9b03766
https://doi.org/10.1016/J.APCATB.2019.117764
https://doi.org/10.1016/j.electacta.2019.135086
https://doi.org/10.1016/J.JALLCOM.2021.159020
https://doi.org/10.1002/adma.202205517
https://doi.org/10.1016/J.JALLCOM.2018.08.279
https://doi.org/10.1021/acs.nanolett.2c03203
https://doi.org/10.1002/adfm.202202075
https://doi.org/10.1016/j.jallcom.2023.173263
https://doi.org/10.1063/5.0116748

DOI: https://doi.org/10.54482 /electrolyte.v3i1.278

[60]. Guo, J., Liu, Y., Chen, P., Wang, X., Wang, Y., Guo, J., Qiu, X., Zeng, Z., Jiang, L., Yi,
Y., Watanabe, S., Liao, L., Bai, Y., Nguyen, T., & Hu, Y. (2022). Revealing the Electrophilic-
Attack Doping Mechanism for Efficient and Universal p-Doping of Organic Semiconductors.
Advanced Science, 9. https://doi.org/10.1002/advs.202203111.

[61]. Macheda, F., Barone, P., & Mauri, F. (2022). Electron-Phonon Interaction and
Longitudinal-Transverse Phonon Splitting in Doped Semiconductors. Physical review letters,
129 18, 185902 . https://doi.org/10.1103/PhysRevL ett.129.185902.

[62]. Jarsvall, E., Biskup, T., Zhang, Y., Kroon, R., Barlow, S., Marder, S., & Miller, C. (2022).
Double Doping of a Low-lonization-Energy Polythiophene with a Molybdenum Dithiolene
Complex. Chemistry of Materials, 34, 5673 - 5679.
https://doi.org/10.1021/acs.chemmater.2c01040.

[63]. Huang, M., Zhang, S., Wu, B., Yu, X., Gan, Y., Lin, T., Yu, F.,, Sun, Y., & Zhong, L.
(2022). Highly Selective Photocatalytic Aerobic Oxidation of Methane to Oxygenates with
Water over W-doped TiO2.. ChemSusChem. https://doi.org/10.1002/cssc.202200548.

[64]. Peng, H., Yang, T., Lin, H., Xu, Y., Wang, Z., Zhang, Q., Liu, S., Geng, H., Gu, L., Wang,
C., Fan, X., Chen, W., & Huang, X. (2022). Ru/In Dual-Single Atoms Modulated Charge
Separation for Significantly Accelerated Photocatalytic H2 Evolution in Pure Water. Advanced
Energy Materials, 12. https://doi.org/10.1002/aenm.202201688.

[64]. Wang, Y., Chen, Y., Barakat, T., Zeng, Y., Liu, J., Siffert, S., & Su, B. (2021). Recent
advances in non-metal doped titania for solar-driven photocatalytic / photoelectrochemical
water-splitting. Journal of Energy Chemistry. https://doi.org/10.1016/j.jechem.2021.08.038.
[65]. Park, B. (2021). Photocatalytic Activity of TiO2-Doped Fe, Ag and Ni with N under
Visible Light Irradiation. Gels. https://doi.org/10.3390/gels8010014.

[66]. Talaiekhozani, A., Rezania, S., Kim, K., Sanaye, R., & Amani, A. (2021). Recent
advances in photocatalytic removal of organic and inorganic pollutants in air. Journal of
Cleaner Production, 278, 123895. https://doi.org/10.1016/].jclepro.2020.123895.

[67]. Ismael, M. (2020). A review and recent advances in solar-to-hydrogen energy conversion
based on photocatalytic water splitting over doped-TiO2 nanoparticles. Solar Energy, 211, 522-
546. https://doi.org/10.1016/j.solener.2020.09.073.

[68]. Do, H., Nguyen, D., Nguyen, X., Le, T., Nguyen, T., Trinh, Q., Ahn, S., Vo, D., Kim, S.,
& Le, Q. (2020). Recent progress in TiO2-based photocatalysts for hydrogen evolution
reaction. A  review. Arabian Journal of  Chemistry, 13, 3653-3671.
https://doi.org/10.1016/j.arabjc.2019.12.012.

[69]. Park, B. (2021). Photocatalytic Activity of TiO2-Doped Fe, Ag and Ni with N under
Visible Light Irradiation. Gels. https://doi.org/10.3390/gels8010014.

[70]. Lu, C., Yang, L., Yan, B., Sun, L., Zhang, P., Zhang, W., & Sun, Z. (2020). Nitrogen-
Doped Ti3C2 MXene: Mechanism Investigation and Electrochemical Analysis. Advanced
Functional Materials, 30. https://doi.org/10.1002/adfm.202000852.

[71]. Zheng, B., Fan, J., Chen, B., Qin, X., Wang, J., Wang, F., Deng, R., & Liu, X. (2022).
Rare-Earth Doping in Nanostructured Inorganic Materials.. Chemical reviews.
https://doi.org/10.1021/acs.chemrev.1c00644.

[72]. Lin, Y., Shao, Y., Dai, J., Li, T., Liu, Y., Dai, X., Xiao, X., Deng, Y., Gruverman, A.,
Zeng, X., & Huang, J. (2021). Metallic surface doping of metal halide perovskites. Nature
Communications, 12. https://doi.org/10.1038/s41467-020-20110-6.

[73]. Ali, M., Nasser, R., Alshahrani, S., Al-Shamiri, H., Elgammal, B., & Elhouichet, H.
(2021). Synthesis, characterization, and visible-light photocatalytic activity of transition metals
doped ZTO nanoparticles. Ceramics International.
https://doi.org/10.1016/j.ceramint.2021.08.185.

85


https://doi.org/10.1002/advs.202203111
https://doi.org/10.1103/PhysRevLett.129.185902
https://doi.org/10.1021/acs.chemmater.2c01040
https://doi.org/10.1002/cssc.202200548
https://doi.org/10.1002/aenm.202201688
https://doi.org/10.1016/j.jechem.2021.08.038
https://doi.org/10.3390/gels8010014
https://doi.org/10.1016/j.jclepro.2020.123895
https://doi.org/10.1016/j.solener.2020.09.073
https://doi.org/10.1016/j.arabjc.2019.12.012
https://doi.org/10.3390/gels8010014
https://doi.org/10.1002/adfm.202000852
https://doi.org/10.1021/acs.chemrev.1c00644
https://doi.org/10.1038/s41467-020-20110-6
https://doi.org/10.1016/j.ceramint.2021.08.185

DOI: https://doi.org/10.54482 /electrolyte.v3i1.278

[74]. Nguyen, D., Doan, T., Prabhakaran, S., Tran, D., Kim, D., Lee, J., & Kim, N. (2021).
Hierarchical Co and Nb dual-doped MoS2 nanosheets shelled micro-TiO2 hollow spheres as
effective multifunctional electrocatalysts for HER, OER, and ORR. Nano Energy, 82, 105750.
https://doi.org/10.1016/J.NANOEN.2021.105750.

[75]. Lin, Y., Shao, Y., Dai, J., Li, T., Liu, Y., Dai, X., Xiao, X., Deng, Y., Gruverman, A.,
Zeng, X., & Huang, J. (2021). Metallic surface doping of metal halide perovskites. Nature
Communications, 12. https://doi.org/10.1038/s41467-020-20110-6.

[76]. Gopalakrishnan, A., & Badhulika, S. (2020). Effect of self-doped heteroatoms on the
performance of biomass-derived carbon for supercapacitor applications. Journal of Power
Sources, 480, 228830. https://doi.org/10.1016/].jpowsour.2020.228830.

[77]. Li, Y., Han, J., Xu, Z., Zhao, R., Wang, Y., & Guo, R. (2021). N-, P-, and O-Tridoped
Carbon Hollow Nanospheres with Openings in the Shell Surfaces: A Highly Efficient
Electrocatalyst toward the ORR.. Langmuir : the ACS journal of surfaces and colloids.
https://doi.org/10.1021/acs.langmuir.0c03620.

[78]. Guo, R., Zhang, K., Ji, S., Zheng, Y., & Jin, M. (2021). Recent advances in nonmetallic
atom-doped metal nanocrystals: Synthesis and catalytic applications. Chinese Chemical
Letters. https://doi.org/10.1016/J.CCLET.2021.03.041.

[79]. Zhao, S., Ban, L., Zhang, J., Yi, W., Sun, W., & Zhu, Z. (2021). Cobalt and nitrogen co-
doping of porous carbon nanosphere as highly effective catalysts for oxygen reduction reaction
and Zn-air battery. Chemical Engineering Journal, 409, 128171.
https://doi.org/10.1016/j.ce].2020.128171.

[80]. Qi, K., Xing, X., Zada, A., Li, M., Wang, Q., Liu, S., Lin, H., & Wang, G. (2020).
Transition metal doped ZnO nanoparticles with enhanced photocatalytic and antibacterial
performances: Experimental and DFT studies. Ceramics International, 46, 1494-1502.
https://doi.org/10.1016/j.ceramint.2019.09.116.

[81]. Okeke, I., Agwu, K., Ubachukwu, A., Madiba, I., Maaza, M., Whyte, G., & Ezema, F.
(2021). Impact of particle size and surface defects on antibacterial and photocatalytic activities
of undoped and Mg-doped ZnO nanoparticles, biosynthesized using one-step simple process.
Vacuum, 187, 110110. https://doi.org/10.1016/J.VACUUM.2021.110110.

[82]. Liu, S., Zhu, L., Cao, W., Li, P., Zhan, Z., Chen, Z., Yuan, X., & Wang, J. (2020). Defect-
related optical properties of Mg-doped ZnO nanoparticles synthesized via low temperature
hydrothermal method. Journal of Alloys and Compounds, 157654.
https://doi.org/10.1016/j.jallcom.2020.157654.

[83]. Santhi, K., Ponnusamy, S., Harish, S. et al. A facile synthesis of Zn-doped TiO2
nanostructures for enhanced photocatalytic performance. J Mater Sci: Mater Electron 33, 9798—
9813 (2022). https://doi.org/10.1007/s10854-022-07945-z

[84]. Zhou, J., Xie, M., Wu, F., Mei, Y., Hao, Y., Huang, R., Wei, G., Liu, A., Li, L., & Chen,
R. (2021). Ultrathin Surface Coating of Nitrogen-Doped Graphene Enables Stable Zinc Anodes
for Aqueous Zinc-lon Batteries. Advanced Materials, 33.
https://doi.org/10.1002/adma.202101649.

[85]. Kumar, P., Inwati, G., Mathpal, M., Ghosh, S., Roos, W., & Swart, H. (2021). Defects
induced enhancement of antifungal activities of Zn doped CuO nanostructures. Applied Surface
Science, 560, 150026. https://doi.org/10.1016/J.APSUSC.2021.150026.

[86]. Gongalves, R., Toledo, R., Joshi, N., & Berengue, O. (2021). Green Synthesis and
Applications of Zn0O and TiO2 Nanostructures. Molecules, 26.
https://doi.org/10.3390/molecules26082236.

[87]. Navas, D., Fuentes, S., Castro-Alvarez, A., & Chéavez-Angel, E. (2021). Review on Sol-
Gel Synthesis ~ of  Perovskite  and Oxide Nanomaterials. Gels, 7.
https://doi.org/10.3390/gels7040275.

86


https://doi.org/10.1016/J.NANOEN.2021.105750
https://doi.org/10.1038/s41467-020-20110-6
https://doi.org/10.1016/j.jpowsour.2020.228830
https://doi.org/10.1021/acs.langmuir.0c03620
https://doi.org/10.1016/J.CCLET.2021.03.041
https://doi.org/10.1016/j.cej.2020.128171
https://doi.org/10.1016/j.ceramint.2019.09.116
https://doi.org/10.1016/J.VACUUM.2021.110110
https://doi.org/10.1016/j.jallcom.2020.157654
https://doi.org/10.1007/s10854-022-07945-z
https://doi.org/10.1002/adma.202101649
https://doi.org/10.1016/J.APSUSC.2021.150026
https://doi.org/10.3390/molecules26082236
https://doi.org/10.3390/gels7040275

DOI: https://doi.org/10.54482 /electrolyte.v3i1.278

[88]. Rodriguez-Barajas, N., Becerra-Solano, L., Gutierrez-Mercado, Y., Macias-Carballo, M.,
Gobmez, C., & Pérez-Larios, A. (2022). Study of the Interaction of Ti—Zn as a Mixed Oxide at
Different pH Values Synthesized by the Sol-Gel Method and Its Antibacterial Properties.
Nanomaterials, 12. https://doi.org/10.3390/nan012121948.

[89]. Lukong, V., Ukoba, K., & Jen, T. (2022, January). Heat-assisted sol-gel synthesis of tio2
nanoparticles structural, morphological and optical analysis for self-cleaning application.
Journal of King Saud University - Science, 34(1), 101746.
https://doi.org/10.1016/j.jksus.2021.101746

[90]. Saber, N., Mezni, A., Alrooqi, A., & Altalhi, T. (2022). Facile one-pot solvothermal
approach to produce inorganic hybrid TiO2@CoTiO3 green nano-pigment: structural, optical
and photocatalytic properties. Inorganic and Nano-Metal Chemistry, 52, 1299 - 1305.
https://doi.org/10.1080/24701556.2022.2048020.

[91]. Imbar, A., Vadivel, V., & Mamane, H. (2022). Solvothermal Synthesis of g-C3N4/TiO2
Hybrid  Photocatalyst ~with a  Broaden  Activation  Spectrum.  Catalysts.
https://doi.org/10.3390/catal13010046.

[92]. Vajedi, F.S., Dehghani, H. Synthesis of titanium dioxide nanostructures by solvothermal
method and their application in preparation of nanocomposite based on graphene. J Mater Sci
51, 1845-1854 (2016). https://doi.org/10.1007/s10853-015-9491-1

[93]. Liu, Y., Wu, P., Shen, K., Zhang, Y., Li, G., & Li, B. (2022). Contribution of Na/K Doping
to the Activity and Mechanism of Low-Temperature COS Hydrolysis over TiO2-Al203 Based
Catalyst in Blast Furnace Gas. ACS Omega, 7, 13299 - 13312
https://doi.org/10.1021/acsomega.2c00968.

[94]. Vu, V., Pham, T., Chanthavong, M., Do, T., Nguyen, T., Nguyen, Q., & Tran, T. (2022).
Enhanced Photocatalytic Degradation of Rhodamine-B under Led Light Using CuZnAl
Hydrotalcite Synthesized by Co-Precipitation Technique. Inorganics.
https://doi.org/10.3390/inorganics10070089.

[95]. Gongalves, R. A., Toledo, R. P., Joshi, N., & Berengue, O. M. (2021, April 13). Green
Synthesis and Applications of ZnO and TiO2 Nanostructures. Molecules, 26(8), 2236.
https://doi.org/10.3390/molecules26082236

[96]. Ali, M. M., Haque, M. J., Kabir, M. H., Kaiyum, M. A., & Rahman, M. (2021,
September). Nano synthesis of ZnO-TiO2 composites by sol-gel method and evaluation of
their antibacterial, optical and photocatalytic activities. Results in Materials, 11, 100199.
https://doi.org/10.1016/j.rinma.2021.100199

[97]. Wongrerkdee, S., Wongrerkdee, S., Boonruang, C., & Sujinnapram, S. (2022, December
29). Enhanced Photocatalytic Degradation of Methylene Blue Using Ti-Doped ZnO
Nanoparticles ~ Synthesized by  Rapid  Combustion.  Toxics, 11(1), 33.
https://doi.org/10.3390/toxics11010033

[98]. You, J., Zhang, L., He, L., & Zhang, B. (2022, September). Photocatalytic degradation of
methyl orange on ZnO-Ti0O2/S0O42— heterojunction composites. Optical Materials, 131,
112737. https://doi.org/10.1016/j.0ptmat.2022.112737

[99]. Adeel, M., Saeed, M., Khan, I., Muneer, M., & Akram, N. (2021). Synthesis and
Characterization of Co—ZnO and Evaluation of Its Photocatalytic Activity for Photodegradation
of Methyl Orange. ACS Omega, 6, 1426 - 1435. https://doi.org/10.1021/acsomega.0c05092.
[100]. Javan, S., Kahkha, M., Moghaddam, F., Faghihi-Zarandi, M., & Hejazi, A. (2022).
Photocatalytic degradation of methyl orange using Cerium doped zinc oxide nanoparticles
supported bentonite clay. Analytical Methods in Environmental Chemistry Journal.
https://doi.org/10.24200/amecj.v5.i104.216.

87


https://doi.org/10.3390/nano12121948
https://doi.org/10.1080/24701556.2022.2048020
https://doi.org/10.3390/catal13010046
https://doi.org/10.1007/s10853-015-9491-1
https://doi.org/10.1021/acsomega.2c00968
https://doi.org/10.3390/inorganics10070089
https://doi.org/10.3390/molecules26082236
https://doi.org/10.1016/j.rinma.2021.100199
https://doi.org/10.3390/toxics11010033
https://doi.org/10.1016/j.optmat.2022.112737
https://doi.org/10.1021/acsomega.0c05092
https://doi.org/10.24200/amecj.v5.i04.216

DOI: https://doi.org/10.54482 /electrolyte.v3i1.278

[101]. Abomuti, M., Danish, E., Firoz, A., Hasan, N., & Malik, M. (2021). Green Synthesis of
Zinc Oxide Nanoparticles Using Salvia officinalis Leaf Extract and Their Photocatalytic and
Antifungal Activities. Biology, 10. https://doi.org/10.3390/biology10111075.

[102]. Din, M., Khalid, R., Hussain, Z., Arshad, M., & Khan, S. (2022). A critical review on
application of organic, inorganic and hybrid nanophotocatalytic assemblies for photocatalysis
of methyl orange dye in aqueous medium. Reviews in Chemical Engineering, O.
https://doi.org/10.1515/revce-2022-0026.

[103]. Mihai, E., Mihalache, L., Istrate, A., Banciu, C., Romanitan, C., Brincoveanu, O., Ténasa,
E., Banu, A., & Veca, L. (2022). Self-Sustained Three-Dimensional Macroporous TiO2-
Graphene Photocatalyst for Sunlight Decolorization of Methyl Orange. Nanomaterials, 12.
https://doi.org/10.3390/nan012244393.

[104]. You, J., Zhang, L., He, L., & Zhang, B. (2022, September). Photocatalytic degradation
of methyl orange on ZnO-Ti02/SO42— heterojunction composites. Optical Materials, 131,
112737. https://doi.org/10.1016/j.0ptmat.2022.112737

[105]. Pham, N., Huynh, T., & Nasir, M. (2020). Environmental consequences of population,
affluence and technological progress for European countries: A Malthusian view.. Journal of
environmental management, 260, 110143 . https://doi.org/10.1016/j.jenvman.2020.110143.
[106]. Cai, B., Shao, X., Liu, Y., Kong, X., Wang, H., Xu, H., & Ge, W. (2020). Remaining
Useful Life Estimation of Structure Systems Under the Influence of Multiple Causes: Subsea
Pipelines as a Case Study. IEEE Transactions on Industrial Electronics, 67, 5737-5747.
https://doi.org/10.1109/T1E.2019.2931491.

[107]. Kregar, A., Kravos, A., & Katrasnik, T. (2020). Methodology for Evaluation of
Contributions of Ostwald Ripening and Particle Agglomeration to Growth of Catalyst Particles
in PEM Fuel Cells. Fuel Cells, 20. https://doi.org/10.1002/fuce.201900208.

[108]. Chen, X., Sun-Waterhouse, D., Yao, W., Li, X., Zhao, M., & You, L. (2021). Free
radical-mediated degradation of polysaccharides: Mechanism of free radical formation and
degradation, influence factors and product properties.. Food chemistry, 365, 130524 .
https://doi.org/10.1016/].foodchem.2021.130524.

[109]. Zissler, A., Stoiber, W., Geissenberger, J., Steinbacher, P., Monticelli, F., & Pittner, S.
(2021). Influencing Factors on Postmortem Protein Degradation for PMI Estimation: A
Systematic Review. Diagnostics, 11. https://doi.org/10.3390/diagnostics11071146.

[110]. Arneson, C., Huang, X., Huang, X., Fan, D., Gao, M., Ye, L., Ade, H., Li, Y., & Forrest,
S. (2021). Relationship between charge transfer state electroluminescence and the degradation
of organic photovoltaics. Applied Physics Letters, 118, 063301.
https://doi.org/10.1063/5.0037710.

88


https://doi.org/10.3390/biology10111075
https://doi.org/10.1515/revce-2022-0026
https://doi.org/10.3390/nano12244393
https://doi.org/10.1016/j.optmat.2022.112737
https://doi.org/10.1016/j.jenvman.2020.110143
https://doi.org/10.1109/TIE.2019.2931491
https://doi.org/10.1002/fuce.201900208
https://doi.org/10.1016/j.foodchem.2021.130524
https://doi.org/10.3390/diagnostics11071146
https://doi.org/10.1063/5.0037710

