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ABSTRACT

Metal nanocomposites constitute a mercurial class of materials with major repercussions
across environmental monitoring, biomedical therapeutics, and advanced sensing platforms.
Their idiosyncratic properties, including tuneable surface chemistry, high conductivity,
catalytic activity, and morphological versatility, allow precise control over reactivity, stability,
and target specificity. This review meticulously probes the design, synthesis, and
functionalization strategies of metal nanocomposites, ranging from noble and transition metal
based hybrids to plant mediated green nanomaterials and nanoclusters. The deliberations
highlight architectural innovations such as core shell structures, layered composites, molecular
imprinting frameworks, and hybrid polymeric systems, elucidating how these modifications
enhance analyte recognition, electron transfer, and overall sensor or therapeutic performance.
Furthermore, emerging strategies, including artificial intelligence assisted sensing,
microfluidic chip devices, hierarchical and multifunctional architectures, and environmentally
sustainable synthesis approaches, are explored to provide a visionary. By bridging design and
practice, this review outlines the trails for sustainable, high performance metal nanocomposites

in real world applications and pay ways for next-gen multifunctional innovations.

From Metal Atoms to Multifunctional Nanocomposites

& —@—(

) — Multifunctional

applications
Metal atom Nanoparticles Nanocposites
clusters
\
Gas sensing Electrochemical biosensing Anticancer therapy|
@ o a
o«
50 —|F O[g
charge .

transfer cellular  apoptosis]

tak
5 uptake

@
99" — anco

burtting signal output ROS g

FIG 1: Design to application pathway

Keywords: Metal nanocomposites, green synthesis, biosensors, environmental monitoring.

PAGE NO : 62



Zhuzao/Foundry[ISSN:1001-4977] VOLUME 29 ISSUE 2

INTRODUCTION

The surge in environmental pollutants and greenhouse gases [20] represents a defining global
challenge of the 21st century posing threat to both human and ecological system.
Industrialization, urbanization, and agricultural escalation have lofted CO., CH4, N20, and
particulate emissions, leading to global warming and respiratory disorders. Similarly, the
contamination of aquatic system by heavy metals, nitrates, and pesticides leads to acute
ecological hazards, reinforcing the importance of developing monitoring and remediation
technologies. Alongside, chronic and infectious diseases such as cancer and tuberculosis (TB)
remain health crisis. Conventional therapies and diagnostics face limitations including
cytotoxicity, low selectivity, and poor sensitivity, underscoring the demand for sustainable and

precise alternatives.

Nanotechnology has emerged [12,13] as a revolutionary platform addressing these issues
through materials with high surface area, tuneable properties, and versatile functionality. Metal
and metal oxide nanocomposites [10,21], along with carbon-based and polymer hybrids,
exhibit exceptional conductivity, catalytic activity, and biocompatibility. These
nanocomposites enable ultrasensitive detection of gases, heavy metals, and pollutants, as well
as efficient biomedical applications such as targeted drug delivery, bio sensing, and disease
diagnosis. Green-synthesized Au, Ag, and MnO: [4,19] nanostructures and GO-metal oxide

hybrids exemplify their multifunctional capabilities.

Moreover, nanomaterials play vital roles in energy conversion and storage, with Pt-graphene,
Ni-doped cerates, and perovskite oxides [16,17,18] showing superior electro catalytic activity.
Despite notable advances, scalability, stability, and biocompatibility remain challenges. Green
synthesis, molecular imprinting, and surface engineering are being explored for sustainable

development.

This review highlights the design, synthesis, and multifunctional potential of metal and
polymer-based nanocomposites, bridging environmental, biomedical, and energy applications

toward sustainable technological advancement.
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VERSATILE NANOARCHITECTURAL SYNERGY
1. Molecular Foundations

Nanocomposites signifies molecular synergy, where interfacial charge redistribution governs
sensitivity and selectivity. In PLA/GO/CuO systems, graphene oxide connects the polymer
matrix and metal oxide, fostering efficient electron transfer and CO: adsorption. DFT analyses
reveal enhanced dipole moments, lower band gaps, and increased molecular electrostatic
potential, linking with improved charge mobility upon gas interaction. Phytochemical-assisted
green synthesis [4] introduces bio-reductive mechanisms that stabilize nanostructures. The
interplay of molecular polarity, defect density, and dopant incorporation determines adsorption
energy and response time. As a whole, these foundations define the molecular basis of

reactivity, conductivity, and transduction in hybrid nanocomposite sensors.

2. Structural Evolution

Nanocomposite excellence comes from engineered morphology and structural hierarchy.
Spanning one-three dimensional architectures from Nano rods to hollow microspheres
optimize surface-to-volume ratios, accelerating gas diffusion and charge exchange.
Heterojunctions such as p—NiO/n—SnO: [10,20] or p—CuO/n—ZnO introduce internal electric
fields that improve electron separation and selective analyte adsorption. Noble metal doping
tailors surface energetics, while graphene integration provides conductive scaffolding and
active site reinforcement. Molecularly imprinted composites introduce template cavities with
near atomic accuracy for pollutant recognition. This phase evolution supports enhanced
catalytic activity, adsorption kinetics, and reproducible sensing behaviour across

environmental and biomedical platforms.

3.SMART CONVERGENCE

i.  Metal Oxide and Polymer Nanocomposites for Gas Sensing

Polylactic acid /graphene oxide/metal oxide [ 1] nanocomposites have emerged as eco-efficient
gas sensors with enhanced CO: sensitivity. Structural and spectroscopic analyses (XRD, FTIR,

confocal microscopy) confirm uniform nanocomposite formation, while GO acts as a
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conductive boundary interface which improves charge transfer. DFT simulations reveal lower
energy gaps and higher dipole moments in CuO systems, evidencing superior electronic
coupling. Morphology controlled nanostructures (1D-3D) and dopant incorporation (Er, Pd,
Pt, Cu) further optimize adsorption kinetics and selectivity. Hybrid heterostructures such as p—
n junctions (p—NiO/n—SnO:, p—CuO/n—Zn0O) enhance interfacial charge transport and response
dynamics. These advances as a whole enable rapid, selective, and stable sensing for

automotive, industrial, and environmental applications.

ii. Nanocomposite Based Electrochemical Biosensors

Metal and metal-polymer nanocomposites have pioneered bio sensing through improved
conductivity, reproducibility, and bio molecular recognition. Structural architectures facilitate
efficient electron transport and analyte accessibility. Chitosan—tetra-sulfonated Copper
phthalocyanine [2] modified carbon electrodes exemplify enhanced nitrite, nitrate detection
with low LOD (0.06—0.05 uM) and high selectivity. Electrochemical analyses (CV, SWV, EIS)
proves diffusion controlled kinetics and reduced charge transfer resistance. Integration with
flexible polymers like PDMS, PMMA, hydrogels enables self-healing, wearable, and
implantable sensors. Advanced nanostructures further enhance porosity, interfacial adhesion,

and scalability, aiding futuristic lab-on-chip and environmental monitoring [3,5] devices.

iili.  Green-Synthesized Metal Oxide Nanoparticles for Biomedical Applications

Green synthesis of metal nanoparticles (Au, Ag, Cu, Zn, Ti, Se) using plant extracts introduces
biocompatibility and biologically reactive for cancer diagnostics and therapy. Green routes,
such as synthesis of MnO: or ZnO nanoparticles [4], yield uniform crystallites with controlled
morphology and optical signatures. Phytochemicals mediate reduction and stabilization while
imparting therapeutic potential through immune activation. Structural parameters such as size,
charge, and surface functionalization regulate tumour targeting, bioavailability, and circulation
stability. Nanoclusters with tuneable optical and electrochemical properties offer enhanced
imaging, sensing, and theranostic precision, advancing sustainable biomedical

nanotechnology.
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Molecularly Imprinted Nanocomposites for Selective Pollutant Detection

Molecularly imprinted nanocomposites [6] integrate molecular recognition polymers with
nanomaterials to achieve high selectivity and adsorption efficiency. Nanoscale carriers metal
oxides, carbon nanostructures, silica, or magnetic nanoparticles raises template fidelity and
surface accessibility. Advanced frameworks such as MIMOFs and MICOFs exhibit
hierarchical porosity, rapid kinetics, and tuneable binding affinity toward specific pollutants.
The synergy between functional monomers, cross linkers, and nanoscale supports enables
selective binding of heavy metals, pesticides, and VOCs. These smart hybrid systems bridge
molecular selectivity with nanoscale dynamics, enabling sustainable, real-time environmental

remediation and analytical sensing.
Metal Nanocomposites in Energy Conversion and Electrochemical Devices

Metal based nanocomposites play an important role in fuel cells, electrolysers, and energy
storage systems through improved electron transport and catalytic activity. Graphene
supported PtNi [16] nanoparticles deliver superior OER/ORR kinetics attributed to defect
rich, high surface frameworks. Ni-doped lanthanum cerates [17] and Y-doped MoOs enhance
electronic conductivity, defect density, and adsorption of toxic metals (Cu?**, Pb*", Hg*").
Structural validation through XRD, SEM, and XPS correlates morphology with
electrochemical performance. Portable XRF and LIBS confirm trace level detection
establishing these nanocomposites as promising materials for coupled environmental and
energy applications. Such rational Nano engineering drives efficient, scalable, and eco-

resilient electrochemical systems.
Advanced Ceramic and Ferroelectric Nanocomposites

Lead free perovskite ceramics [18], including NBT-BT-zNN systems, display tuneable
ferroelectric and dielectric responses are benchmark for high density energy storage.
Structural investigations XRD, SEM reveal phase purity and microstructural densification
with dopant variation. Electrical studies exhibit hysteresis loops, stable permittivity, and
enhanced recoverable energy density. Doping induced defect modulation and grain
refinement aid in superior charge retention and thermal reliability. These attributes underscore
the potential of perovskite nanocomposites as sustainable, high-performance alternatives for

future energy storage technologies.
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vii.  Integration of Bio sensing, Environmental, and Energy Platforms

Recent advances depict the convergence of nanocomposite science across bio sensing,
environmental monitoring [3,5], and energy conversion. NMOS sensors, hybrid
heterojunctions, and doped nanoclusters are tuned for optimal morphology, charge transport,
and analyte selectivity. Scalable fabrication through hydrothermal, sol-gel, electrospinning,
and 3D printing techniques ensures reproducibility and device integration. Multifunctional
nanocomposites demonstrate ultra-sensitive detection of VOCs, gases, and heavy metals
alongside efficient energy harvesting and storage. This interfield synergy signifies a paradigm
shift toward intelligent, adaptive, and sustainable Nano platforms that unify diagnostics,

remediation, and energy innovation.

4. Emerging Innovations

Contemporary innovations unite metal nanocomposites with versatile, multifunctional
architectures for real time, multiplexed detection. Biopolymer-phthalocyanine conjugated
system modified electrodes exhibit diffusion controlled kinetics, ultralow charge transfer
resistance, and dual analyte detection capability for nitrite and nitrate monitoring. Integration
with hydrogels, PDMS, and 3D-printed microfluidic substrates enables portable, self-healing,
and wearable biosensors. In biomedical domains, MnQO2, ZnO, and Au nanostructures
demonstrate ROS-mediated cytotoxicity, selective tumor inhibition, and targeted drug delivery.
Green synthesized nanoclusters [11] with discrete energy levels exhibit tuneable fluorescence
and high quantum yield for bio imaging and electrochemical sensing. These innovations bridge
eco-conscious synthesis with functional precision, signalling a shift toward adaptive, self-

powered Nano sensing systems.
5. Sensing Mechanisms

The sensing response in nanocomposites is dictated by surface reactions, charge transfer
kinetics, and defect mediated adsorption. In metal oxides, oxygen vacancies and dopant states
modulate chemisorption strength and electronic conductivity. p—n junction interfaces enhance
selectivity through band bending and carrier modulation during analyte interaction.
Electrochemical characterization (CV, SWV, EIS) reveals low interfacial resistance and fast
electron diffusion, confirming superior electro catalytic activity. LSPR enabled noble metal

systems [19,21] exploit photon electron coupling for optical signal amplification. Morphology
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driven pathways, such as hollow or porous nanostructures, accelerate response recovery
dynamics. Synergistically, these mechanisms define quantitative sensitivity, stability, and real

time adaptability across diverse sensing matrices.

6. Future Outlook

The emerging horizon of nanocomposite research lies in rational Nano architectonics
integrating morphology control, dopant chemistry, and Al-assisted [8,9] design. Automated,
scalable synthesis using green precursors promises reproducible, low cost fabrication of
elevated responsive composites. Machine learning driven sensor calibration and loT-linked
analytics will enable autonomous environmental and biomedical monitoring. Hybrid systems
combining metal oxides, polymers, and biogenic nanostructures are poised for multifunctional
operation in energy conversion, pollutant remediation, and diagnostics. Defect engineering,
core—shell heterostructures, and quantum confinement will further enhance catalytic and
sensing efficiency. As a culmination, translational nanocomposite platform bridging
sustainability, digital intelligence, and biomedical precision will redefine next-generation

sensing and energy technologies.

CONCLUSION

The swift advancement of nanomaterial science is redefining the frontiers of sensing,
biomedical, environmental, and energy technologies. Metal nanocomposites [8,9,11], polymer
hybrids, and green synthesize nanoparticles concurrently establish unparalleled tune ability,
multifunctionality, and precision across diverse applications. Engineered interfaces,
hierarchical architectures, and hybrid frameworks enhance charge transfer, catalytic efficiency,
and real time detection sensitivity. The synergistic use of noble metals, doped oxides, and bio
polymeric matrices underscores the potential to revolutionize rational Nano architectonic
design. Amid persistent limitations, challenges in large-scale synthesis, reproducibility, and
long term stability persist, demanding integrated materials digital strategies. The coalescence
of nanotechnology with Al, microfluidics, and wearable analytics heralds a new era of
intelligent, sustainable, and adaptive platforms. Ultimately, these advancements pave the path
toward next-generation nanocomposite systems that unify sensitivity, selectivity, and
sustainability for transformative impact in environmental monitoring [3,5], healthcare, and

energy innovation.
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