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Emerging Trends and the Future of Nanomaterials in Electronics

Abstract

This chapter explores the emerging frontiers of nanomaterials in the
evolution of modern electronics. It discusses how artificial intelligence (Al)
and machine learning (ML) accelerate nanomaterial design by enabling
predictive modelling and autonomous experimentation. Advances in
quantum nanotechnology are presented as pivotal for realising quantum
computing, sensing, and communication systems that surpass classical
limitations. The chapter further highlights innovations in self-powered and
autonomous electronics driven by nanomaterials for energy harvesting and
sustainability. The influence of 5G, the Internet of Things (loT), and
wearable technologies on flexible, multifunctional materials is analysed,
emphasising their role in miniaturisation and performance enhancement.
Finally, the concept of fully integrated nanoelectronics is examined as a
foundation for intelligent, adaptive, and interconnected systems. Together,
these developments illustrate how nanomaterials are transforming electronic
technologies toward a smarter and more sustainable future.

Keywords: Artificial Intelligence; Energy Harvesting; Internet of

Things; Machine Learning; Nanoelectronics; Quantum Nanotechnology;
Smart Systems; Wearable Electronics

The continuous evolution of electronics

toward greater efficiency, miniaturisation, and multifunctionality is
increasingly driven by advancements in nanomaterials. These
materials, defined by their size-dependent physical, chemical, and
electronic properties, are playing a transformative role in redefining
the capabilities of modern and future electronic systems. As we
transition into an era dominated by smart technologies
encompassing artificial intelligence (Al), quantum computing, the
Internet of Things (IoT), and 5G connectivity, the demand for high-
performance, scalable, and energy-efficient nanomaterials is
reaching unprecedented levels. Nanomaterials enable enhanced
electron mobility, high surface area-to-volume ratios, and tunable
band structures, making them ideal candidates for next-generation
electronic components. Their versatility spans across applications
such as flexible displays, self-powered sensors, neuromorphic
computing devices, and quantum transistors. At the same time, the

!
" Scientific Collaborative Online Publishing Universal Academy (SCOPUA)



164 Chapter 9

fusion of materials science with computational tools like machine
learning and data-driven modelling is revolutionising the way new
nanomaterials are discovered and optimised.

This chapter explores the emerging trends that are shaping
the future landscape of nano-enabled electronics. It begins with the
integration of Al and machine learning in nanomaterial design,
followed by a discussion on quantum nanotechnology and its
implications for quantum electronics. The chapter further delves
into self-powered systems empowered by nanomaterial innovations,
and assesses the role of nanomaterials in the rapidly expanding
domains of 5G, 10T, and wearable technologies. Finally, it offers
insights into the prospects of fully integrated nanoelectronics
systems that promise to redefine the concept of a smart, connected
world. As electronics continue to push the boundaries of speed,
efficiency, and intelligence, nanomaterials remain at the forefront
of this revolution, enabling breakthroughs that were once thought to
be beyond reach. This chapter aims to provide a forward-looking
perspective on these developments, grounded in recent advances
and visionary concepts.

9.1. The Role of Artificial Intelligence and Machine
Learning in Nanomaterial Design

The integration of artificial intelligence (Al) and machine
learning (ML) with nanoscience represents one of the most
transformative developments in contemporary materials research.
Traditional nanomaterial design relied heavily on empirical
experimentation and iterative optimisation, which are both time-
consuming and resource-intensive. The explosion of computational
power and large-scale materials databases has now enabled Al to
accelerate discovery, prediction, and design processes across
various fields of nanotechnology [1],[2].
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Machine learning models are capable of analysing intricate
correlations between structural parameters, synthesis conditions,
and the resulting physical and electronic properties of
nanomaterials. Both supervised and unsupervised algorithms,
including random forests, neural networks, and Gaussian process
regressors, have been successfully applied to predict bandgap
energies, defect behaviour, and surface reactivity [3]. This data-
centric approach allows researchers to minimise experimental
redundancy while uncovering hidden relationships that
conventional methods might overlook.

A particularly powerful application is inverse materials
design, where the target property is specified first, and the
algorithm then identifies the most suitable material compositions or
nanostructures to achieve it [4]. Deep generative models have
already been used to propose new 2D materials, catalysts, and
hybrid frameworks with desired optoelectronic or mechanical
characteristics. Reinforcement learning systems can even guide
experimental synthesis in real time, optimising variables such as
temperature, precursor ratios, or reaction time to maximise yield or
performance [5]. The advent of autonomous research laboratories
further extends AI’s impact on nanotechnology. In these self-
driving labs, robotic synthesis, automated characterisation, and real-
time machine learning feedback loops combine to enable
continuous cycles of hypothesis generation, testing, and
optimisation [6]. This paradigm can drastically shorten the design-
to-discovery timeline from years to weeks or even days. In
nanoelectronics, Al has also emerged as a critical tool for
optimising device-level architectures. Data-driven prediction of
carrier mobility, interface states, and contact resistance allows
engineers to identify optimal nanomaterial combinations for high-
speed transistors and energy-efficient logic devices [7]. Similarly,
ML-based models are increasingly used to predict mechanical
reliability and fatigue behaviour in flexible or wearable electronics.
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However, challenges persist. The accuracy of Al models
depends strongly on the availability of representative and high-
quality data. Many materials datasets are sparse, incomplete, or
biased toward specific compositions, which limits model
generalizability [8]. Moreover, the interpretability of complex
neural architectures remains a key issue, motivating the rise of
explainable Al (XAl) approaches that offer physically meaningful
explanations for predictions. The combination of Al with quantum
computing could further revolutionise materials simulations,
allowing accurate modelling of electron correlation and nanoscale
interactions that are currently beyond classical computational limits

[9].

9.2. Future Directions in Quantum Nanotechnology and
Quantum Electronics

Quantum nanotechnology merges quantum mechanics with
nanoscale fabrication to manipulate matter and energy at their most
fundamental levels. When materials are confined to dimensions
comparable to the de Broglie wavelength of electrons, quantum
effects dominate, giving rise to entirely new physical behaviours
[10]. Quantum dots (QDs) exemplify this regime: their discrete
electronic states and size-dependent optical properties enable
applications in quantum communication, computation, and
bioimaging [11]. Similarly, colour centres in diamond and defects
in silicon carbide can act as spin qubits with long coherence times,
suitable for quantum information storage and processing [12].

Another groundbreaking class comprises topological
materials, whose conducting surface states are protected by
topological invariants and remain robust against disorder. These
properties hold promise for fault-tolerant quantum computation and
low-power spintronic devices [13]. Future efforts in hybrid
guantum architectures aim to couple disparate quantum systems
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such as superconducting circuits, spin ensembles, and photonic
cavities into coherent networks capable of scalable information
transfer [14]. Nanomaterials play a pivotal role in engineering these
coupling interfaces, where atomic-scale precision is essential to
preserve coherence. Quantum nanotechnology also underpins the
rise of quantum sensors, which exploit quantum superposition and
entanglement to measure magnetic fields, electric potentials, and
temperature variations with sensitivities beyond classical limits
[15]. For instance, NV-centre-based nanodiamond sensors have
been used for nanoscale magnetometry and biological imaging.

Yet, achieving large-scale quantum electronic systems
requires overcoming decoherence and fabrication variability.
Improvements in qubit uniformity, isolation from noise, and
advanced quantum error-correction schemes are gradually
enhancing device scalability [16]. Looking ahead, the convergence
of Al, ML, and quantum nanotechnology may yield hybrid systems
capable of learning and adapting through quantum parallelism—
potentially transforming computation, encryption, and secure
communications.

9.3. Self-Powered and Autonomous Electronics:
Nanomaterial Innovations

As electronics become increasingly ubiquitous, the need for
sustainable, maintenance-free power sources grows urgent. Self-
powered and autonomous electronic systems capable of harvesting
and storing energy from their surroundings represent a fundamental
shift in device design philosophy [17].

Piezoelectric and triboelectric nanogenerators (TENGS) are
leading candidates for mechanical-to-electrical energy conversion.
Nanostructured materials such as ZnO nanowires, BaTiOs
nanotubes, and polymer composites can generate electrical output
from motion, vibration, or acoustic waves [18]. Thermoelectric
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nanomaterials, notably Bi.Tes, SnSe, and hybrid nanocomposites,
harvest waste heat by exploiting quantum confinement to enhance
the Seebeck coefficient while suppressing thermal conductivity
[19]. Nanostructured electrodes based on graphene, MXenes, and
transition-metal oxides have revolutionised energy storage by
providing high surface area, rapid ion transport, and superior
mechanical flexibility [20]. The integration of these materials into
micro-supercapacitors and thin-film batteries enables a continuous
power supply for miniature electronic components.

In wearable and implantable biomedical devices, energy
harvesting from body movement, respiration, or physiological
fluids is a rapidly growing field. Biocompatible piezoelectric
polymers and nanofibers can generate sufficient voltage to power
low-energy biosensors or drug-delivery actuators [21]. Intelligent
power-management circuits built from nanomaterial-based
components allow adaptive energy allocation, prolonging device
lifetime and stability [22]. Moreover, the recent emphasis on eco-
friendly and biodegradable nanomaterials such as cellulose
nanofibers and bio-derived polymers addresses sustainability and
end-of-life concerns, particularly in transient electronics [23].
Together, these innovations point toward a future of autonomous
nanosystem devices that not only sense and compute but also
generate and manage their own energy, enabling continuous
operation in remote or harsh environments.

9.4. The Impact of 5G, loT and Wearable Tech on
Nanomaterial Research

The expansion of 5G communication networks, the Internet
of Things (loT), and wearable technology has had a profound
influence on the direction of nanomaterials research [24]. These
technologies require electronic components that are flexible, low-
power, and capable of operating at high frequencies. For 5G
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systems, materials must exhibit ultra-low dielectric loss, high
electron mobility, and excellent thermal stability. Graphene,
hexagonal boron nitride (h-BN), and high-x dielectrics have
emerged as key enablers for antennas, modulators, and high-
frequency transistors [25].

The 10T ecosystem, comprising billions of interconnected
sensors, drives demand for scalable, printable, and low-cost
electronic materials. Nanomaterials such as carbon nanotubes
(CNTs), MoSz, and conductive polymers allow flexible circuit
fabrication via roll-to-roll printing, making large-scale deployment
economically viable [26]. Wearable electronics push material
performance even further, requiring stretchability, biocompatibility,
and resistance to mechanical fatigue. Silver nanowires, conductive
textiles, and graphene composites are enabling new generations of
smart garments, physiological monitors, and electronic skin systems
[27]. The integration of energy-harvesting modules,like
piezoelectric or triboelectric generators, into wearables has resulted
in self-powered health-monitoring platforms that operate without
external batteries [28]. Concurrently, efficient thermal management
has become critical as 5G and 10T devices operate at higher power
densities. Nanomaterials such as boron nitride nanotubes, graphene,
and diamond-like carbon films are being engineered for superior
heat dissipation [29].

As sustainability and recyclability gain importance,
researchers are developing green nanomanufacturing processes that
minimise hazardous chemicals and enable material reuse.
Combined with Al-assisted device optimisation and edge
computing, nanomaterials will form the backbone of next-
generation smart infrastructure, healthcare systems, and
environmental networks [30].
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9.5. Prospects for Fully Integrated Nanoelectronics:
Toward a Smart World

The ultimate vision of nanotechnology is a world of fully
integrated  nanoelectronics,  where  sensing,  computing,
communication, and energy management occur seamlessly at the
nanoscale. Advances in nanoscale transistors, including gate-all-
around FETSs, tunnel FETs, and 2D-material-based transistors, are
extending Moore’s Law by enhancing electrostatic control and
minimising leakage currents [31]. Concurrently, memristive and
neuromorphic architectures are reshaping computing paradigms,
enabling devices that mimic the adaptive and parallel processing
capabilities of the human brain [32].

Graphene, Dblack phosphorus, and transition-metal
dichalcogenides (TMDs) remain at the forefront of materials
research for next-generation transistors and optoelectronic
components. Their tunable bandgaps and mechanical flexibility
make them ideal candidates for integration with traditional silicon
platforms [33].

Beyond charge-based electronics, spintronic  and
optoelectronic nanodevices utilise spin and photon degrees of
freedom for data storage and transmission. The exploitation of
spin—orbit coupling and topological protection has enabled low-
energy logic and non-volatile memory devices with enhanced
endurance [34]. The emergence of System-on-Nanochip (SoN)
concepts aims to integrate sensing, computing, and communication
into compact, autonomous platforms capable of real-time decision-
making [35]. As quantum nanomaterials and Al algorithms become
embedded within these architectures, they will enable hybrid
guantum-classical processing for unprecedented computational
power [36].

Realising this  vision demands interdisciplinary
collaboration and ethical foresight. Scalability, material uniformity,
data security, and environmental impact remain pressing
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challenges. Nonetheless, the convergence of nanotechnology,
artificial intelligence, and quantum engineering points toward an
era of intelligent, energy-efficient, and environmentally conscious
electronics that will define the smart world of the future.

9.6. Summary of Chapter

The evolution of nanomaterials in electronics represents a
defining frontier in twenty-first-century science and technology. As
devices continue to shrink toward atomic dimensions, the
convergence of advanced material synthesis, computational design,
and intelligent system integration is transforming the capabilities of
electronic platforms. This chapter has explored how artificial
intelligence and machine learning are reshaping the discovery and
optimisation of nanomaterials, enabling predictive modelling and
autonomous experimentation that drastically shorten innovation
cycles. Similarly, quantum nanotechnology is emerging as a
cornerstone for future computing, communication, and sensing
technologies, harnessing quantum phenomena to transcend classical
performance boundaries.

The rise of self-powered and autonomous electronics
underscores the importance of sustainable, energy-efficient material
systems that can operate independently within complex
environments. Nanostructured materials, with their exceptional
electromechanical and thermoelectric properties, are pivotal in
realising this vision. Simultaneously, the global expansion of 5G
networks, the Internet of Things (IoT), and wearable technologies
has created a massive demand for flexible, miniaturised, and
multifunctional nanomaterials capable of integrating sensing,
communication, and computation within ultrathin architectures.

Looking forward, the prospects for fully integrated
nanoelectronics point toward a world where computation, energy
harvesting, and adaptive intelligence are embedded seamlessly into
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materials themselves. Achieving such a vision will require the
convergence of multiple disciplines, materials science, quantum
engineering, computational physics, and artificial intelligence,
supported by robust standardisation, data infrastructure, and
sustainable manufacturing practices. The continued development of
nanomaterials that are scalable, recyclable, and compatible with
diverse electronic architectures will be essential for ensuring both
technological advancement and environmental responsibility.

In summary, the future of nanomaterials in electronics is
not confined to incremental improvements but is steering toward a
holistic transformation of how devices are conceived, fabricated,
and utilised. By bridging the gap between the nanoscale and the
digital realm, emerging nanotechnologies are laying the foundation
for intelligent, self-sustaining, and quantum-enabled systems that
will define the next era of human innovation. As this field matures,
interdisciplinary collaboration and ethical innovation will be key in
realising a truly smart, connected, and sustainable world.
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