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Abstract 

Nanocomposite Metal Oxide Semiconductors (NMOS) have emerged as a significant class of 

materials due to their enhanced physicochemical properties, offering promising applications in 

diverse fields such as gas sensing, photocatalysis, energy storage, and optoelectronics. This review 

presents a comprehensive overview of recent advancements in the synthesis, and functional 

performance of nanocomposite metal oxides. Emphasis is placed on the synergistic effects achieved 

by combining two or more metal oxides at the nanoscale, which often result in improved surface 

area, charge carrier mobility, and chemical reactivity compared to their single-component 

counterparts. The paper also explores the mechanisms by which nanocomposite structures 

enhance the performance of metal oxide semiconductors, particularly in gas sensing applications, 

where sensitivity, selectivity, and response time are critically evaluated. Finally, current challenges 

and future perspectives on the design and application of nanocomposite metal oxide 

semiconductors are also addressed in this review. 
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1. Introduction: 

 Nanotechnology can be broadly defined as the controlled manipulation and structuring of 

materials at the nanoscale, typically with at least one dimension less than 100 nanometers. This 

interdisciplinary field merges principles from chemistry, physics, materials science, and biology to 

engineer materials with novel or enhanced properties that do not exist in their bulk counterparts [1, 2]. 

The ability to precisely control matter at the atomic and molecular level opens up vast possibilities for 

developing innovative processes and applications. These include the fabrication of next-generation 

electronic devices, advanced biomedical products, high-performance structural materials, and a wide 

array of consumer goods [2-5]. The commercialization of nanotechnology holds the potential to drive 

significant technological progress, elevate the quality of life, and deliver substantial societal benefits 

globally.  Nanocomposite materials are composed of multiple distinct phases, with at least one, two, or 

all three dimensions of one phase confined to the nanometer scale [5]. Reducing material dimensions to 

the nanoscale leads to the formation of numerous phase interfaces, which play a critical role in 

enhancing the overall physical, chemical, and mechanical properties of the material. Nanocomposite 

Metal Oxide Semiconductors (NMOS) have gained considerable attention in recent years due to their 

unique structural features and superior functional properties compared to their single-phase counterparts. 

https://www.ijsat.org/


 

International Journal on Science and Technology (IJSAT) 

E-ISSN: 2229-7677   ●   Website: www.ijsat.org   ●   Email: editor@ijsat.org 

 

IJSAT22034153 Volume 13, Issue 3, July-September 2022 2 

 

These materials are composed of two or more metal oxides at the nanoscale, where at least one of the 

components possesses dimensions in the nanometer range [6, 7]. The integration of different metal 

oxides into a single nanocomposite matrix not only creates a high density of phase interfaces but also 

leads to synergistic effects that significantly improve electrical, optical, catalytic, and sensing 

characteristics. The nanoscale interfaces act as active sites for various physical and chemical processes, 

thereby enhancing charge separation, increasing surface reactivity, and tuning band gap energies. With 

the advent of advanced synthesis techniques such as sol-gel, hydrothermal, co-precipitation, and 

combustion methods, it is now possible to tailor the morphology, crystallinity, and interface 

characteristics of these nanocomposites to meet specific application requirements [8-10]. The synthesis 

of NMOS involves a variety of techniques that enable precise control over composition, morphology, 

crystallinity, and interfacial properties, which are crucial for optimizing their performance in diverse 

applications. Common methods include the sol-gel process, which allows uniform mixing of metal 

precursors at the molecular level and facilitates the formation of homogeneous nanocomposites with 

controlled porosity and particle size. The co-precipitation method is widely used due to its simplicity and 

cost-effectiveness, producing fine particles with good compositional uniformity, although it requires 

careful control of pH and temperature. Hydrothermal and solvothermal techniques offer the advantage of 

crystallizing nanocomposites under moderate temperature and pressure conditions, enabling the 

synthesis of well-defined nanostructures such as nanorods, nanospheres, and nanotubes [11, 12]. 

Combustion synthesis, known for its rapid reaction rates and high temperatures, is particularly effective 

for producing crystalline metal oxide nanocomposites with high surface areas. Spray pyrolysis and 

chemical vapor deposition (CVD) are also used for thin-film fabrication, especially in sensor and 

electronic device applications. In addition, mechanochemical synthesis and green synthesis methods 

using plant extracts or biological agents are gaining attention due to their eco-friendly and sustainable 

approach. Each of these synthesis techniques offers unique advantages and challenges, and the selection 

of an appropriate method depends on the targeted application, desired material properties, and scalability 

requirements [12-14]. NMOS are used in various applications, NMOS have shown exceptional promise 

in gas sensing, photocatalysis, supercapacitors, and environmental remediation, owing to their high 

sensitivity, selectivity, and stability. NMOS play a pivotal role across a wide range of technological and 

industrial domains due to their tunable physicochemical properties and enhanced performance. In the 

field of gas sensing, these materials exhibit improved sensitivity, selectivity, and faster 

response/recovery times, attributed to their large surface area, porous structure, and active heterojunction 

interfaces that facilitate efficient charge transfer and gas adsorption [14, 15]. One key factor is the 

increased surface area provided by nanostructured materials, which allows for more active sites for gas 

adsorption and interaction. Additionally, the formation of heterojunctions between different metal oxides 

within the nanocomposite promotes efficient charge separation and transfer, thereby improving sensor 

sensitivity and response speed. These heterojunctions also create depletion layers or potential barriers at 

the interfaces, which modulate the resistance of the sensor in the presence of target gases, resulting in a 

more pronounced sensing signal. Furthermore, the synergistic effect between the constituent metal 

oxides enhances catalytic activity, facilitating faster redox reactions with gas molecules. Morphological 

features like porosity and nanoscale roughness aid in better gas diffusion and accessibility to the sensing 

surface. Altogether, these mechanisms enable nanocomposite metal oxide semiconductors to exhibit 

improved sensitivity, selectivity, stability, and lower operating temperatures, making them highly 

effective for advanced gas sensing technologies [17, 18]. In photocatalysis, NMOS demonstrate superior 
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light absorption and charge separation efficiency, making them effective for environmental applications 

such as wastewater treatment and air purification. Their high electrical conductivity and stability also 

make them ideal candidates for energy storage devices like lithium-ion batteries and supercapacitors, 

where they offer improved charge/discharge rates and cyclic stability. Furthermore, in optoelectronic 

devices, these NMOS contribute to better performance in light-emitting diodes (LEDs), solar cells, and 

photodetectors due to their ability to modulate optical and electronic properties at the nanoscale. In 

biomedical applications, certain NMOS have shown potential in drug delivery, biosensing, and 

antimicrobial activity [16-19]. The multifunctionality of NMOS, driven by their engineered 

nanostructures and interfacial properties, positions them as essential materials for next-generation 

technologies across multiple disciplines.This review aims to provide a detailed overview of the recent 

developments in the synthesis strategies and applications of nanocomposite metal oxide semiconductors, 

along with discussions on current challenges and future research directions in this rapidly evolving field 

[20, 21]. 

 

2. History of nanocomposite:  

 The history of nanocomposite metal oxide semiconductors traces back to the broader 

development of nanocomposite materials in the mid-20th century, with initial studies focusing on 

enhancing mechanical properties through the incorporation of nanoscale fillers into polymers. However, 

it was not until the 1980s and 1990s that the potential of combining different metal oxides at the 

nanoscale began to gain attention, especially in the field of semiconductors [3, 21]. As nanotechnology 

advanced, researchers recognized that integrating multiple metal oxides could create materials with 

synergistic properties improved charge transport, enhanced surface reactivity, and tailored band gaps 

ideal for semiconductor applications [21, 22]. The growing interest in environmental monitoring, 

renewable energy, and miniaturized electronic devices during the late 20th and early 21st centuries further 

accelerated the exploration of these materials [23-25]. Nanocomposite metal oxides began showing 

exceptional promise in applications like gas sensors, photocatalysts, and energy storage devices [26-30]. 

Today, they are considered a vital class of functional materials, with ongoing research focused on 

optimizing their properties through interface engineering, doping, and the development of novel 

nanostructures to meet the demands of next-generation technologies. 

 

3.  Synthesis methods of nanocomposite metal oxide semiconductors:  

 The synthesis of nanocomposite metal oxide semiconductors involves various physical, 

chemical, and biological approaches as shown in Fig. 1. 
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Fig. 1. Synthesis methods of nanocomposite metal oxide semiconductors 

 

4. Applications of nanocomposite metal oxide semiconductors: 

 Nanocomposite metal oxide semiconductors have a wide range of applications across various 

domain few of them are display in Fig. 2. 

 

 
 

Fig. 2. Applications of nanocomposite metal oxide semiconductors 
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5. Future perspectives of nanocomposite metal oxide semiconductors: 

 The future perspectives of nanocomposite metal oxide semiconductors are highly promising, 

driven by their growing importance in addressing global challenges related to energy, environment, and 

advanced electronics. Continued research is expected to focus on precise control over nanostructure 

design, interface engineering, and defect modulation to further enhance their functional properties. 

Emerging synthesis techniques will play a crucial role in achieving uniformity, scalability, and 

environmental sustainability. In gas sensing, future developments aim to achieve ultra-high sensitivity 

and selectivity at room temperature, making these materials more energy-efficient and suitable for 

wearable and IoT-based devices. In photocatalysis and energy storage, efforts will concentrate on 

improving light harvesting, charge separation efficiency, and long-term stability. TheNMOS are set to 

play a transformative role in the development of next-generation smart devices, sustainable technologies, 

and high-performance functional materials. 

 

Conclusions 

 Nanocomposite metal oxide semiconductors have emerged as a highly promising class of 

materials owing to their enhanced structural, electrical, optical, and catalytic properties resulting from 

the synergistic combination of different metal oxides at the nanoscale. Their high surface area, tunable 

band gaps, and active interface sites contribute to their superior performance in a wide range of 

applications, including gas sensing, photocatalysis, energy storage, and optoelectronics. Various 

synthesis methods such as sol-gel, hydrothermal, co-precipitation, and microwave-assisted techniques 

have enabled precise control over their morphology and composition, further advancing their functional 

capabilities. Despite significant progress, challenges remain in achieving large-scale, cost-effective 

production with consistent quality, as well as in understanding the complex interfacial interactions 

within these nanocomposites.  
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