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ABSTRACT

The increasing demand for mixed metal oxides in various applications has spurred the need for environmentally
friendly and sustainable synthesis methods. Traditional approaches often involve the use of hazardous
chemicals, energy-intensive processes, and substantial waste generation, leading to adverse environmental
impacts. This research paper focuses on exploring green and sustainable alternatives for the preparation of
mixed metal oxides, emphasizing the use of eco-friendly precursors, energy-efficient techniques, and waste
minimization strategies.
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I.  INTRODUCTION

Synthesis of mixed oxides is a fascinating and multifaceted field of study that encompasses various
interdisciplinary approaches, blending principles from chemistry, materials science, and engineering. These
compounds, also known as solid solutions or complex metal oxides, represent a class of materials with diverse
properties and applications. From catalysis and energy storage to electronic devices and environmental
remediation, mixed oxides have demonstrated their versatility and significance in modern scientific research
and technological advancements. The synthesis of mixed oxides involves the controlled combination of two or
more metal oxides to create a single, homogeneous material with unique properties that can be tailored for
specific applications. Such oxides display a range of desirable characteristics, such as enhanced stability,
improved conductivity, and tunable reactivity, making them attractive candidates for a multitude of industries.
The synthesis process is as diverse as the applications themselves, encompassing various techniques such as
sol-gel, co-precipitation, hydrothermal, solid-state reaction, and chemical vapor deposition, among others. Each
approach offers distinct advantages in terms of simplicity, scalability, and control over the resulting material's
composition and morphology.

The synthesis of mixed oxides is not limited to the laboratory setting, as it finds extensive application in various
industries and technologies. For instance, mixed oxide catalysts play a crucial role in chemical processes,
enabling energy-efficient and environmentally friendly transformations. They are essential in sectors such as
petroleum refining, automobile emissions control, and ammonia production, where they enhance the efficiency
and selectivity of chemical reactions. In energy storage and conversion, mixed oxides serve as key components
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in advanced batteries, fuel cells, and supercapacitors. The tunable electronic properties of these materials allow
for the design of electrodes and electrolytes with improved charge storage capacity and cycling stability, thereby
contributing to the development of more efficient and sustainable energy storage systems.

Moreover, mixed oxides are integral to the field of electronics, as they serve as dielectrics, ferroelectrics, and
semiconductors in electronic devices. Their unique electronic and magnetic properties are exploited in the
construction of sensors, actuators, and memory elements, pushing the boundaries of modern electronics and
communication technologies. Environmental applications also benefit significantly from mixed oxide materials.
From air and water purification to hazardous waste treatment, mixed oxide catalysts and adsorbents offer
efficient and cost-effective solutions for mitigating environmental pollution and addressing sustainability
challenges.

Il.  GREEN PRECURSORS FOR MIXED METAL OXIDE SYNTHESIS

Green precursors for mixed metal oxide synthesis are essential in promoting environmentally friendly and
sustainable approaches to material preparation. These precursors are derived from renewable sources, waste
materials, or recycled substances, reducing the reliance on conventional methods that often involve hazardous
chemicals and energy-intensive processes. Some of the notable green precursors for mixed metal oxide synthesis
include:

Biomass-Derived Precursors

Waste biomass, such as agricultural residues, wood waste, and food processing by-products, can serve as a
sustainable source of carbon, nitrogen, and other elements required for mixed metal oxide synthesis. The use of
biomass-derived precursors helps in valorizing waste and minimizing the environmental impact of their
disposal.

Natural Extracts

Plant extracts and natural compounds containing metal ions can act as green precursors for mixed metal oxide
synthesis. These extracts can provide metal ions in a biocompatible and environmentally benign form, reducing
the need for traditional metal salts.

Waste Materials

Various industrial waste materials, such as fly ash, slag, and spent catalysts, can contain valuable metal
components. By utilizing these waste materials as precursors, researchers can reduce the environmental burden
associated with their disposal while simultaneously incorporating them into mixed metal oxide structures.

Biodegradable Polymers

Biodegradable polymers, such as cellulose, chitosan, and starch, can serve as templates or matrices for the
synthesis of mixed metal oxides. They offer the advantage of being environmentally friendly and easily
degradable, avoiding the formation of persistent pollutants.

Metal-Organic Frameworks (MOFs)
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MOFs are a class of materials composed of metal ions coordinated with organic ligands. These frameworks can
act as green precursors since they allow for the controlled synthesis of mixed metal oxide structures and can be
easily decomposed to obtain the desired product.

Green Metal Salts

If metal salts are necessary, efforts can be made to use environmentally benign salts, such as acetates, citrates,
or nitrates, instead of toxic or hazardous ones like chlorides or sulfates.

Recycling of Metal-Containing Products

Recycling metal-containing products, such as discarded electronic devices or spent batteries, can provide a
sustainable source of metals for mixed metal oxide synthesis, thereby reducing the demand for newly mined
resources.

Biomineralization

Biological processes involving microorganisms or biomolecules can also be employed to fabricate mixed metal
oxide materials. Bio mineralization techniques offer an eco-friendly route to control the nucleation and growth
of metal oxides.

I11.  ENVIRONMENTAL REMEDIATION APPLICATIONS

Antimicrobial activity

Growing germ resistance to traditional antiseptics and antibiotics has prompted several investigations aimed at
enhancing antimicrobial properties. In vitro antimicrobial experiments have shown that the metallic
nanoparticles successfully inhibit a wide variety of bacteria species. Metallic nanoparticles' antibacterial
efficacy is determined by two key factors: (a) the material used in their manufacture and (b) their particle size.
A major public health concern is the steady increase of bacteria resistance to antimicrobial medicines over time.
For instance, methicillin-resistant bacteria are among the numerous problems that antibiotics now have to deal
with, along with fighting multidrug-resistant mutations and biofilms. Due to bacteria’ drug resistance abilities,
antibiotic efficacy is forecasted to significantly decline. Thus, illnesses will continue in live beings even when
germs are treated with high dosages of antibiotics. Multidrug resistance in the face of high concentrations of
antibiotics is another crucial function of biofilms. Infectious infections, particularly bacterial ones like
pneumonia and strep throat, are a major source of drug resistance. Using nanoparticles as a treatment or
preventative measure against microbial drug resistance has shown the greatest promise. As shown in Figures 1
and 2, metallic nanoparticles may inhibit or completely obliterate multidrug-resistance and biofilm development
via a number of distinct methods.
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Figure 1: Schematic for the multiple antimicrobial mechanisms in different metal nanoparticles against
microbial cells
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Figure 2: Various mechanisms of antimicrobial activity of metal nanoparticles

Nanoparticles [such as those made of metals, those that release nitric oxide (NO), and those made of chitosan]
use a wide range of strategies to combat bacteria. Due to their ability to use numerous pathways, nanoparticles
can combat drug resistance. Therefore, in order for microorganisms to counteract the nanoparticle processes,

they need to have several changes in their genes all at once.
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IV. CHARACTERIZATION OF ENVIRONMENTALLY FRIENDLY MIXED METAL OXIDES

Characterization of environmentally friendly mixed metal oxides involves a range of analytical techniques that
provide detailed information about the material's structural, morphological, compositional, and surface
properties. Let's delve into each characterization method in more detail:

X-ray Diffraction (XRD)

XRD is used to determine the crystal structure, phase composition, and crystallinity of mixed oxides. By
analyzing the diffraction pattern generated when X-rays interact with the material, XRD provides information
about the lattice parameters, crystal size, and presence of any impurities or phases.

Scanning Electron Microscopy (SEM)

SEM is employed to examine the surface morphology and particle size of mixed oxide materials. A focused
electron beam scans the sample, producing high-resolution images that reveal details about the particle shape,
size distribution, and surface features.

Transmission Electron Microscopy (TEM)

TEM is a high-resolution imaging technique that provides detailed information about the internal structure,
lattice defects, and atomic arrangement of mixed oxides. It uses an electron beam transmitted through a thin
sample, enabling the visualization of atomic-scale features and characterization of nanostructured materials.

Fourier Transform Infrared Spectroscopy (FTIR)

FTIR measures the absorption and transmission of infrared radiation by a material. It provides information about
the functional groups present in mixed oxides, helping to identify chemical bonds and surface species. FTIR is
useful for studying surface adsorption, chemical interactions, and surface modifications.

Raman Spectroscopy

Raman spectroscopy utilizes laser light to probe the vibrational modes of molecules in mixed oxide materials.
It provides information about molecular structure, chemical composition, and bonding characteristics. Raman
spectroscopy is particularly sensitive to crystal defects, stress, and phase changes in mixed oxides.

Brunauer-Emmett-Teller (BET) Analysis

BET analysis is used to determine the surface area and porosity of mixed oxide materials. It involves the
adsorption of gas molecules onto the material's surface, and by analyzing the resulting adsorption isotherm, the
specific surface area and pore size distribution can be calculated. BET analysis helps evaluate the accessibility
and reactivity of active sites in catalytic applications.

Energy-Dispersive X-ray Spectroscopy (EDS/EDX)
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EDS is coupled with SEM or TEM to analyze the elemental composition of mixed oxide materials. It measures
the energy and intensity of X-rays emitted when the sample is bombarded with electrons. EDS provides
qualitative and quantitative information about the elemental composition and distribution within the sample.

Thermogravimetric Analysis (TGA)

TGA measures the weight changes of a mixed oxide material as a function of temperature. It helps determine
the thermal stability, decomposition behavior, phase transitions, and the presence of volatile components in the
material.

V. CONCLUSION

The synthesis of mixed metal oxides using environmentally friendly and sustainable methods holds great
promise for addressing the growing demand for advanced materials while minimizing the adverse
environmental impact. Traditional synthesis routes often involve the use of toxic chemicals, energy-intensive
processes, and the generation of significant waste, contributing to environmental pollution and resource
depletion. By adopting green precursors, energy-efficient techniques, and waste reduction strategies,
researchers and industries can contribute to a more sustainable future.
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