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	Abstract 
Metal oxides hold a significant place in the field of photocatalysis due to their wide range of applications in environmental remediation, energy conversion, and biomedical sciences. These materials exhibit unique electronic, optical, and structural properties, such as wide band gaps, chemical stability, and tunable surface characteristics, making them highly attractive for various catalytic applications. Their potential for addressing critical environmental challenges, including the degradation of organic pollutants, water splitting for hydrogen production, and carbon dioxide reduction, positions metal oxides as key materials for transitioning to sustainable technologies.

Recent advances in materials science have highlighted the importance of innovative strategies to enhance the photocatalytic performance of metal oxides. Methods such as structural modifications, defect engineering, and nano-composite formulations have proven effective in overcoming intrinsic limitations like electron-hole recombination and limited visible light absorption. These strategies enable bandgap tuning, improved charge carrier dynamics, and optimized surface reactivity, significantly boosting their performance.

This brief review presents an analysis of these innovations aimed at improving the photocatalytic efficiency of metal oxides and scientifically compares various approaches. It examines how these materials are modified and integrated into composite systems, elucidating the fundamental mechanisms behind performance enhancements and identifying promising research directions for environmental and energy applications.
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1. Introduction 
Photocatalysis has become a significant field in modern science as a method for controlling light-induced chemical reactions. The first systematic studies date back to the early 20th century, focusing on the interaction of light with matter. Notably, Giacomo Ciamician's works in 1912 laid the groundwork by advocating for the use of solar energy in chemical transformations. However, the first major breakthrough in modern photocatalysis occurred in 1972 with Fujishima and Honda's study, which demonstrated the splitting of water into hydrogen and oxygen using TiO₂. This discovery highlighted the potential of photocatalysis in sustainable energy production [1].
Photocatalysis holds critical importance in combating environmental pollution and advancing renewable energy. Since the 1980s, environmental applications have focused on the degradation of organic pollutants and water purification. Modern research, enabled by advancements in nanotechnology and semiconductor materials, has led to the development of photocatalysts capable of utilizing visible light more efficiently [2].
Research in photocatalysis began with theoretical studies on light-induced chemical reactions from 1900 to 1970. The discovery of TiO₂ as a photocatalyst marked a significant scientific milestone [3]. From 1980 to 2000, environmental photocatalysis emerged as an effective method for addressing industrial pollutants, and materials like strontium titanate (SrTiO₃) broadened the range of applications [4]. Since the 2000s, advanced semiconductors and nanomaterials have significantly contributed to the integration of photocatalysis into applications ranging from energy production to environmental remediation. Photocatalysis using materials like TiO₂ has demonstrated remarkable efficiency in degrading organic pollutants and treating wastewater, making it a subject of extensive research [5,6]. Additionally, integrating photocatalytic processes into microbial fuel cells has shown dual benefits in wastewater treatment and energy generation, underscoring the potential of photocatalytic technologies in both environmental and energy sectors [5,7].
Moreover, advancements in nanomaterials have enhanced the efficiency and applicability of photocatalytic systems. For instance, TiO₂ nanoparticles have significantly improved the degradation of various organic pollutants, making them a preferred choice in many applications [8, 9]. The versatility of these nanomaterials extends to hybrid systems, combining technologies such as ozonation or advanced oxidation processes (AOPs), which further optimize pollutant removal [10, 11]. This synergy not only improves degradation efficiency but also enables the treatment of a wider range of contaminants, including pharmaceuticals and industrial effluents [12, 13].
In the biomedical field, photocatalysis has shown promise in applications such as disinfection and the degradation of antibiotic residues, which are critical for maintaining environmental and public health [14, 15]. The ability of photocatalytic systems to harness solar energy further enhances their appeal, offering a sustainable solution to water treatment challenges, particularly in regions with limited access to clean water [16, 17]. Overall, the integration of advanced semiconductors and nanomaterials in photocatalysis represents a significant advancement in environmental technologies and energy production, providing innovative solutions to global challenges.
Photocatalysis offers sustainable solutions for clean energy production and environmental remediation. For instance, water splitting for hydrogen production is seen as an alternative solution to both the energy crisis and environmental issues caused by fossil fuels. Additionally, the use of photocatalysts for the removal of organic pollutants is of great importance for environmental cleanliness and human health [18]. This rich history and scientific foundation demonstrate that photocatalysis is not merely a laboratory technology but also a powerful tool for addressing societal and environmental challenges.

2. Photocatalytic Applications of Metal Oxides 
Pollution Remediation with ZnO and TiO2
Zinc oxide (ZnO) and titanium dioxide (TiO2) are widely recognized for their high photocatalytic activity in degrading organic pollutants under UV light. These metal oxides facilitate the breakdown of harmful contaminants into less toxic products, with surface modification shown to improve degradation efficiency [19]. The photocatalytic process involves the generation of electron-hole pairs upon light exposure, where the electrons and holes react with water and oxygen to form reactive species, such as hydroxyl radicals, which actively degrade pollutants.
Energy and Water Treatment with Defect-Rich Metal Oxides
Defect-rich metal oxides, containing purposeful lattice imperfections, have demonstrated enhanced photocatalytic properties. The engineered defects trap charge carriers, reducing electron-hole recombination rates and increasing the efficiency of the photocatalytic reaction [20]. This structural approach has shown significant potential in water purification and energy applications, such as hydrogen production via water splitting.
Degradation of Organic Pollutants with Metal Oxide Nanocomposites
Nanocomposite structures combining multiple metal oxides offer an effective solution for environmental cleanup, especially in decomposing organic pollutants. Such nanocomposites improve light absorption and facilitate electron transfer, optimizing photocatalytic performance [21]. By combining metal oxides with complementary properties, these composites show improved charge separation and reduced recombination, making them ideal for wastewater treatment.
Metal Oxides in Environmental Sustainability
Metal oxides play an essential role in sustainable practices, offering recyclable and non-toxic options for pollution control. Danish et al. (2020) review their applications in reducing environmental pollutants, emphasizing their stability and low environmental impact [22]. These oxides convert toxic contaminants into benign products, supporting sustainable environmental practices.
Antimicrobial Coatings Using TiO2 and ZnO
TiO2 and ZnO are utilized as antimicrobial agents in surface coatings, particularly in the food industry, due to their ability to produce reactive oxygen species (ROS) under light, which destroy microbial cell walls [23]. This photocatalytic disinfection approach provides a non-toxic solution for surfaces requiring strict hygiene, such as in food processing.

Solar Energy Conversion via Transition Metal Oxides
Transition metal oxides are increasingly explored for solar energy conversion due to their adjustable bandgaps, which enable effective light absorption and transformation [24]. These oxides, by optimizing bandgap structures, efficiently capture solar energy, which is then converted to chemical energy, a key process in applications like solar cells and hydrogen production.
Degradation of Pharmaceutical Pollutants with TiO2
The photocatalytic degradation of pharmaceutical contaminants in water systems has become an important application for TiO2, which breaks down persistent pharmaceutical residues that resist conventional treatments [25]. This application is crucial in minimizing the environmental impact of pharmaceutical waste.
Light-Driven Organic Reactions with Metal Oxide Semiconductors (MOS)
Metal oxide semiconductors (MOS) facilitate light-driven organic transformations, offering an environmentally friendly alternative for organic synthesis. The generation of electron-hole pairs in MOS drives these reactions efficiently, supporting green chemistry initiatives [26].
Environmental Remediation with Metal Oxide Heterostructures
Heterostructures, created by integrating different metal oxides, exhibit enhanced photocatalytic activity due to improved charge separation and light absorption. These heterostructures are effective for degrading a wide range of environmental pollutants, making them suitable for environmental remediation [27].
Biomedical and Environmental Applications of Nanostructured Metal Oxides
Nanostructured metal oxides provide high photocatalytic activity, benefiting both biomedical and environmental applications. Their large surface area and high reactivity allow targeted applications such as cancer treatment, antimicrobial surfaces, and environmental cleanup [28].

Table 1. Photocatalytic Applications of Metal Oxides
	Study Focus
	Metal Oxide(s)
	Key Findings
	Ref.

	Pollution Remediation
	ZnO, TiO2
	Enhanced pollutant degradation efficiency in water due to modified surface structures
	 [1]

	Energy and Water Treatment
	Defect-rich Metal Oxides
	Surface defects optimize photocatalytic properties for water and energy applications
	 [2]

	Organic Pollutant Degradation
	Various Metal Oxides
	Metal oxides with nanocomposite structures show significant photocatalytic degradation of organic pollutants
	 [3]

	Environmental Sustainability
	Metal Oxides
	Systematic review showing practical applications of metal oxides in pollution control
	 [4]

	Antimicrobial Coatings
	TiO2, ZnO
	Metal oxides as antimicrobial coatings with effective photocatalytic disinfection potential
	 [5]

	Solar Energy Conversion
	Transition Metal Oxides
	Improved solar energy capture and photocatalysis using engineered metal oxide layers
	 [6]

	Pharmaceutical Pollutants Degradation
	TiO2, Metal Oxides
	Effective in breaking down pharmaceutical residues in water systems
	 [7]

	Light-Driven Organic Reactions
	MOS (Metal Oxide Semiconductors)
	Metal oxide catalysts promote organic transformations under light, ideal for green chemistry
	 [8]

	Environmental Remediation
	Metal Oxide Heterostructures
	Heterostructure-based metal oxides achieve high photocatalytic performance in degrading pollutants
	 [9]

	Biomedical and Environmental Use
	Nanostructured Metal Oxides
	Multi-application potential in biomedical and environmental fields due to enhanced photocatalytic action
	 [10]



3. Conclusion 
Metal oxides have emerged as pivotal materials in photocatalysis, offering a versatile platform for addressing critical challenges in environmental sustainability and energy production. The extensive body of literature highlights their exceptional potential in degrading organic pollutants, splitting water for hydrogen generation, and reducing carbon dioxide into value-added products. Semiconductors like TiO2 and SrTiO3 have demonstrated their efficacy as photocatalysts, with further advancements driven by nanotechnology and structural engineering, such as defect manipulation and the integration of hybrid systems.
The integration of nanomaterials has enhanced the functional efficiency of these systems, expanding their applicability to include biomedical disinfection, pharmaceutical residue removal, and wastewater treatment. Furthermore, hybrid technologies combining photocatalysis with advanced oxidation processes have exhibited significant improvements in degradation rates and the scope of treatable contaminants.
[bookmark: _GoBack]Despite these advancements, challenges remain in optimizing visible-light absorption, charge carrier dynamics, and large-scale application feasibility. Future research should focus on developing cost-effective and environmentally friendly photocatalysts with improved efficiency under solar irradiation. Additionally, integrating photocatalytic technologies into existing energy and environmental frameworks holds promise for addressing global challenges in clean energy and sustainable development. Thus, innovations in metal oxide-based photocatalysis demonstrate a transformative role in creating a more sustainable future by offering both environmental benefits and long-term energy solutions.
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