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INTRODUCTION

Nanomaterials, characterized

Abstract

The rational design of advanced nanomaterials has increasingly shifted from
empirical trial-and-error approaches toward physics-guided methodologies rooted in
fundamental principles governing matter at the nanoscale. Phenomena such as
quantum. confinement, -surface -and interface energetics, strain effects, and
nanoscale transport dictate the unique properties of nanomaterials and enable
their precise engineering for targeted applications. Coupled with advanced surface
functionalization strategies, physics-guided design allows systematic tuning of
structure—property—function relationships. This review presents a comprehensive
overview of the physical foundations underlying nanomaterial behavior, modern
computational and experimental design strategies, functionalization techniques,
and their integration into emerging applications including energy conversion,
electronics, catalysis, biomedicine, and environmental remediation. Current
challenges and future dirvections toward scalable, sustainable, and predictive
nanomaterial engineering are also discussed.

by  structural

progress, traditional nanomaterial development

features on the order of 1-100 nm, exhibit
physical and chemical properties that differ
fundamentally from bulk materials due to size-
dependent effects and dominant
phenomena. These unique characteristics have
positioned enabling
components in modern technologies ranging
from energy  systems  and
nanoelectronics to biomedical diagnostics and
environmental sensing [1-3].Despite substantial

surface
nanomaterials as

renewable

has relied heavily on empirical synthesis and
optimization.  This  approach
becomes increasingly inefficient as applications
demand multifunctionality, precision, and
reliability. Physics-guided design addresses this
limitation by employing fundamental physical
principles to predict and control nanomaterial
properties before synthesis. When combined with
tailored surface functionalization, this paradigm
predictable, application-specific

incremental

enables
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nanomaterial engineering rather than post-hoc

modification [4,5].

Physics-Guided Design and Functionalization of Advanced Nanomaterials
for Emerging Technological Applications

Energy

Physics-Guided Design

e
< Electronics >

Table 1. Physics-Guided Design Principles

Surface Functionalization

Examples & Applications

Principle Description

Quantum Size-dependent electronic

Confi ot | and optical properties Quantum Dots, Nanowires

Surface Effects  Surface energy, defects,

and catalysis Nanoscale Catalysts

Strain

Strain-induced tuni i i
Engineering ain-induced property tuning - Strained Nanoparticles

Table 2. Functionalization Strategies of Nanomaterials

Strategy Description Examples & Applications

e Leads poymens, and. || 100 pobmers: Silanes

Functionalization  biomolecules

mmM Combining diverse materials  MOFs, Carbon Composites
Stimuli- - :

s Responsive to pH, Light, Heat  Drug Delivery, Smart Sensors
Responsive ponsive to pH, Light,

Figure 1. Schematic illustration of physics-guided design and surface functionalization of advanced
nanomaterials, highlighting key physical principles (quantum confinement, surface effects, strain
engineering) and their integration into emerging applications including energy, electronics, biomedicine
and environmental technologies.

2. Physical Principles Governing Nanomaterials
2.1 Quantum Confinement and Electronic
Structure

At nanoscale dimensions comparable to electron
wavelengths, quantum confinement leads to
discretization of electronic energy levels and
tunable band gaps. This effect is particularly
pronounced in quantum dots, nanowires, and
ultrathin films, where optical absorption,
emission wavelength, and carrier mobility can be
precisely controlled through size and shape
variation [6,7]. These properties are foundational
for applications in light-emitting devices,
photodetectors, and quantum information
technologies.

2.2 Surface and Interface Effects

Nanomaterials possess a high surface-to-volume
ratio, making surface atoms and interfaces the
dominant contributors to overall behavior.
Surface defects, crystallographic facets, and
interfacial strain strongly influence catalytic
activity, charge transfer, and chemical stability.
Interface  engineering in  heterostructured
nanomaterials enables controlled band alignment
and enhanced performance in electronic and
energy devices [8,9].

2.3 Mechanical and Thermal Size Effects

Nanoscale materials often exhibit exceptional
mechanical strength, flexibility, and altered
thermal conductivity due to reduced defect
densities and modified phonon transport. Nano-
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architected materials and mechanical
metamaterials exploit these physics-based effects
to achieve unconventional responses such as
ultralight stiffness, programmable deformation,
and negative Poisson’s ratios [10].

3. Physics-Guided Design Strategies

3.1 Theoretical and Computational Approaches
First-principles calculations, particularly density
functional theory (DFT), are widely used to
predict electronic structures, surface energetics,
and reaction pathways. Molecular dynamics and

phenomena. Recently, physics-informed machine
learning has emerged as a powerful tool for
accelerating discovery while
maintaining adherence to physical laws [11-13].

materials

3.2 Structure-Property Engineering

Physics-guided design emphasizes controlled
manipulation of size, morphology, crystal phase,
and defect density to tailor material functionality.
Strain engineering, facet exposure, and defect
modulation have been shown to significantly
enhance catalytic efficiency, charge transport, and

continuum models further capture optical response in nanostructured systems
thermomechanical behavior and transport [14,15].
Table 1. Fundamental Physical Principles Governing Nanomaterial Behavior
) . . Resultin Property||Representative
Physical Principle |Description at the Nanoscale N perty| Rep . .
Modulation Applications
Quantum Electron motion confined to||Size-dependent band gap,||Quantum dots, LEDs,
confinement nanometer dimensions discrete energy levels photodetectors
Surface-to-volume |[High fraction of surface||Enhanced reactivity —and||Catalysis, chemical
dominance atoms adsorption sensors
) ) Lattice mismatch between|Tuned electronic structure||Electrocatalysts,
Interfacial strain Y .
phases and activity nanoelectronics
Phonon ] Reduced thermal ,
. Altered lattice vibrations . Thermoelectrics
confinement conductivity
Nano- Geometry-controlled High strength,||Mechanical
architecturing mechanics programmable deformation ||metamaterials
4. Functionalization of Nanomaterials embedded metal-organic frameworks enable

4.1 Chemical Surface Functionalization

Surface functionalization involves the deliberate
attachment of organic molecules, polymers, or
inorganic species to nanomaterial surfaces.
Ligand engineering modulates solubility, stability,
electronic  coupling, and biocompatibility.
Polymer-coated and
nanoparticles demonstrate enhanced dispersion,
reduced aggregation, and improved interfacial

control [16,17].

metal metal-oxide

4.2 Hybrid and Composite Nanomaterials

Hybrid  nanostructures integrate  multiple

multifunctionality and synergistic effects across
mechanical, electrical, and chemical domains

(18,19].

4.3 Stimuli-Responsive Functionalization

Smart nanomaterials functionalized with stimuli-
responsive moieties can dynamically respond to
external triggers such as pH, temperature, light,
or magnetic fields. These systems are particularly
valuable in controlled drug delivery, biosensing,
and adaptive electronics [20,21].

5. Emerging Technological Applications

components  to
properties.
carbon-based

Nanoparticle-polymer

hybrids,

combine  complementary
composites,

and  nanoparticle-

5.1 Energy Conversion and Storage

Nanomaterials
guided

engineered
strategies are

through  physics-
central to advanced
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batteries, supercapacitors, fuel cells, and solar
cells. Nanostructured electrodes improve ion
diffusion and electron transport, while surface-
engineered catalysts enhance efficiency and
durability in electrochemical reactions [22-24].

5.2 Electronics and Optoelectronics

Semiconductor nanostructures enable flexible
electronics, nanoscale transistors, photonic
devices, and high-resolution displays. Quantum
dots and nanowires are widely used due to their
tunable optical properties and high quantum

efficiency [25,26].

5.3 Biomedical Applications

Functionalized nanomaterials play a critical role
in targeted drug delivery, bioimaging, and
theranostics. Physics-guided control of particle
size, surface charge, and functional groups
ensures optimized circulation, cellular uptake,
and therapeutic performance [27-29].

5.4 Environmental and Sensing Technologies
Nanomaterials designed for selective adsorption,
catalysis, and sensing are increasingly applied in
water  purification,  air filtration, and
environmental monitoring. Magnetic  and
plasmonic nanomaterials offer high sensitivity,
rapid response, and reusability [30,31].

6. Challenges and Future Perspectives

Key challenges include scalable manufacturing,
reproducibility,  longterm  stability,  and
environmental  safety. Bridging theoretical
predictions with industrial implementation
requires standardized synthesis protocols and
multiscale modeling frameworks. Future research
will emphasize sustainable nanomaterial design,
lifecycle  assessment, and  regulatory-aware
innovation [32-34].

Table 2. Key Challenges and Future Research Directions

Challenge H Underlying Issue H Physics-Based Solution Direction
Scalability H Non-uniform growth H Process modeling & controlled synthesis
H Surface energy minimization H

Predictive accuracy H

Data inconsistency

H Physics-informed Al

Environmental safety H

Nano-bio interactions

H Multiscale toxicity modeling

|
|
‘ Stability
|
|
|

Reproducibility ‘ ‘

Structural variability

|
|
Interface engineering I
|
|
|

H Standardized physical descriptors

7. Conclusion

Physics-guided design and functionalization
provide a robust framework for predictive
nanomaterial  engineering. By  integrating
fundamental physical principles with advanced
surface modification strategies, nanomaterials can
be systematically tailored for high-performance
applications. Continued convergence of theory,
computation, and experiment will drive the
development of scalable, multifunctional, and
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