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Abstract - Nanotechnology is transforming energy solutions; the study covers the newest energy applications of functional
and smart nanomaterials. Nanomaterials are used in energy conversion, storage, harvesting, and efficiency. Nanomaterials
have improved solar cells, fuel cells, and thermoelectric devices. Their vast surface area and configurable band gaps
improve energy conversion performance. Nanomaterials in lithium-ion batteries, supercapacitors, and more have
revolutionized energy storage. Nanostructured electrodes and nanocomposites increase energy density, cycle stability, and
charge-discharge rates. Piezoelectric and triboelectric nanogenerators can capture ambient energy for self-powered
devices. Nanomaterials also improve energy management system efficiency. Smart windows using nanomaterials manage
light and heat transfer, saving buildings energy. Nanosensors enhance energy efficiency by monitoring and optimizing
energy in real-time. This paper also tackles the issues of scaling up nanomaterial production and manufacturing for large-
scale applications. Nanomaterial integration into energy devices requires stability, dependability, and safety. This review

article summarises the current research on functional and smart nanomaterials in energy and their potential to solve global

energy problems. It helps academics, engineers, and politicians create sustainable and efficient energy solutions.
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1. Introduction

Functional and smart nanomaterials have emerged in
energy research, promising to change the energy
landscape. Nanomaterials, generally 1 to 100 nanometers
in size, have unique physical, chemical, and mechanical
characteristics [1]. Their properties have made them useful
in many applications, including energy research.
Functional and smart nanomaterials in energy research is a
pioneering effort to create and use nanoscale materials for
energy purposes.

Our work begins with new materials with unique
features and functions, revolutionizing energy storage.
These materials excel in efficiency, durability, and
reactivity, making them ideal for energy -collection,
storage, and conversion. Through this study, we are
pushing conventional energy materials to provide more
sustainable and innovative energy solutions for future
issues.

2. Review of Literature

Nanomaterials for energy conversion and storage
(Xiaoyuan Yu, Yongye Liang, et al.) is a thorough study of
nanomaterials used in energy storage and conversion
devices. Technology in materials design, synthesis, and
characterization for  fuel cells, Dbatteries, and
supercapacitors is highlighted. The review of Smart
Nanomaterials for Environmental and Energy Applications
(Jianhua Zhang, Chao Gao, et al.) examines smart
nanomaterials for environmental and energy issues. We
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discuss self-healing materials, responsive nanosystems,
and their use in pollution mitigation and energy harvesting.
Emerging functional nanomaterials for electrochemical
energy conversion and storage (Chunzhi Zhang, Li Zhao,
et al.) discusses nanomaterials for electrochemical energy
conversion and storage. It emphasizes advances in
materials design, electrochemistry, and integration into
lithium-ion batteries and fuel cells.

Nanostructured materials for advanced energy
conversion and storage devices (Zhimin Yang, Chao Shen,
et al.) discusses nanostructured materials and their use in
advanced energy storage technologies. It examines how
nanoscale characteristics affect solar cells and
supercapacitors. The book responsive nanomaterials for
energy conversion and storage by Jianping Ge, Zhaoyin
Wen, et al. examines responsive nanomaterials in energy
conversion and storage applications. It discusses design,
synthesis, and how these materials may affect energy-
efficient devices.

2.1. Emergence of Functional and Smart Nanomaterials
in Energy

Functional and smart nanomaterials are created for
energy applications. These nanoparticles can solve energy
system problems because of their high surface area-to-
volume ratio, variable band gaps, and excellent electrical
and thermal conductivity [2]. Functional nanomaterials
include graphene, carbon nanotubes, quantum dots, and
metal-organic frameworks (Table 1).
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Supercapacitors and batteries may use graphene, a 2D
lattice of carbon atoms with high electrical conductivity
and mechanical strength [3]. Carbon nanotubes, with their
tubular form and high thermal conductivity, are being
investigated for energy device heat transfer efficiency.
Quantum dots, semiconductor nanocrystals with variable
band gaps, may capture a broader spectrum of light to
boost solar cell efficiency. Metal-organic frameworks with
large surface areas are being studied for gas storage and
catalysis in clean energy systems.

1.2. Evolution and Significance in Energy Research
Functional and smart nanoparticles have transformed
energy research. Their adaptability and remarkable
qualities have made them essential components in next-
generation energy systems. They have affected solar
energy harvesting, energy storage, catalysis, and fuel cells
[4]. Nanomaterials have improved photovoltaic device
efficiency and cost. These compounds boost solar cell
conversion efficiency by improving light absorption and
charge carrier mobility. Nanomaterials enhance energy
density, charge-discharge rates, and performance in energy
storage systems, including lithium-ion batteries and

supercapacitors.
Nanomaterials also catalyze energy conversion
chemical reactions. They speed processes, boost

selectivity, and minimize energy losses, making energy
production more sustainable and efficient [5]. Functional
and smart nanoparticles changed energy research. These
materials provide clean, efficient, and cost-effective energy
solutions. Nanomaterials will shape sustainable energy
systems as research advances.

1.3. Identifying the Research Gap and Framing the
Problem

Identifying the Research Gap and Framing the
Problem” introduces the field’s gaps and problems to the
research project. This crucial step comprises a thorough
literature evaluation to identify knowledge gaps.
Researchers may build a solid study and explain its
relevance by explicitly specifying the research challenge in
this setting. Identifying the research gap and defining the
topic is the first stage in scientific inquiry, leading to study
design, data collecting, and analysis to fill the gap and add
to knowledge. Finding these gaps gives the study focus
and purpose. Addressing these issues adds fresh ideas,
information, and solutions. Framing the issue within these

gaps is crucial to proving the study’s relevance and
uniqueness.

This crucial step precedes creating study goals,
hypotheses, and questions, influencing research technique
and data collection. A well-defined research gap and issue
statement help researchers explain why their work is
essential and how it advances field knowledge.

2. Nanomaterials for Energy Conversion
2.1 Nanocatalysts for Fuel Cells and Hydrogen
Production

Fuel cells may generate energy more efficiently and
cleanly than combustion engines. The fuel cell’s slow
electrochemical reactions prevent its broad
implementation. Nanomaterial catalysts boost fuel cell
performance. Nanocatalysts’ exact size, shape, and
composition improve their surface area and catalysis sites.
They accelerate fuel cell electrode processes like the
Oxygen Reduction Reaction (ORR) in Proton Exchange
Membrane Fuel Cells (PEMFCs) and direct methanol fuel
cells (DMFCs) [6].

Due to their high catalytic activity, noble metals like
platinum (Pt) are frequently used as catalysts. Pt-based
nanoparticles and nanowires exhibit improved catalytic
efficacy with lower Pt loading, making them economically
feasible. Nanocatalysts also produce hydrogen, a key
renewable energy component. Nanomaterial-based
catalysts can maximize hydrogen generation from water
electrolysis or steam methane reforming. Transition metal-
based  nanocatalysts  like  Nickel-Iron  (Ni-Fe)
nanocomposites are exciting options for large-scale
hydrogen generation because of their high HER activity

[7].

2.2. Photovoltaic Nanomaterials for Solar Energy
Harvesting

Photovoltaic nanoparticles improve light absorption,
charge separation, and transport, revolutionizing solar
energy harvesting. Nanomaterials have made photovoltaic
devices more efficient and cost-effective than bulk
semiconductor materials. Photovoltaic nanomaterials may
tailor the bandgap to fit certain solar spectrum areas,
optimizing light absorption [8]. Quantum dots can absorb
diverse wavelengths of light, allowing multi-junction solar
cells with higher efficiency.

Table 1. Smart and functional nanomaterials in energy

Functional Nanomaterials

Smart Nanomaterials

Nanoparticles for catalysis

Nanowires for energy harvesting

Energy Conversion

Quantum dots for solar cells

Nanomaterials for thermoelectric devices

Nanocomposites for batteries

Nanoscale supercapacitors

monitoring

Energy Storage - —
24 & Nanowires for Li-ion anodes Smart electrolytes
. Piezoelectric nanogenerators Triboelectric nanomaterials
Energy Harvesting - -
Thermoelectric nanomaterials Nanoscale energy scavengers
Nanomaterials for insulation Smart windows
Energy Efficiency Nanosensors for real-time energy

Energy-saving nanocoatings
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Table 2. Solar energy harvesting using photovoltaic nanomaterials: characteristics, applications, and challenges

Photovoltaic Properties and o
Nanomaterials Advantages Applications Challenges
Quantum Dots Size-tunable bandgap for | Solar cells Wlth higher Tox1c1.t}'/ concerns,
spectral conversion efficiency stability issues

Enhanced charge

Nanowires .
transport properties

Flexible and lightweight

solar cells Synthesis scalability

Low-cost and solution-

Perovskite Nanocrystals
processable

Tandem solar cells for
higher efficiency

Durability and
environmental impact

Organic Photovoltaic

Materials Lightweight and flexible

Lower efficiency
compared to inorganic
materials

Portable solar chargers

Nanomaterials help solar cells separate and transfer
charges, lowering recombination losses and improving
device efficiency. Charge carriers reach electrodes without
considerable losses through nanowires and nanotubes.
Table 2 lists the characteristics, applications, and
difficulties associated with photovoltaic nanomaterials for
solar energy harvesting. Nanomaterials revolutionized
photovoltaics with perovskite solar cells. Perovskite
materials may be made into thin films or nanocrystals for
lightweight, flexible solar cells [9].

These cells have reached silicon-based sun cell
efficiency levels quickly. Nanomaterials make energy
conversion more efficient and cost-effective. Nanocatalysts
increase fuel cells and hydrogen generation, whereas
photovoltaic nanomaterials revolutionize solar energy
harvesting. As research progresses, greener and more
sustainable energy solutions will emerge.

3. Nanomaterials for Energy Storage
3.1. Nanocomposite Electrodes for Lithium-ion Batteries
Lithium-ion batteries power everything from portable
gadgets to electric cars and renewable energy sources.
Electrodes’ material qualities determine lithium-ion battery
performance. Nanomaterials have revolutionized capacity,
cycle stability, and charge-discharge speeds [10]. High-
performance Dbattery systems use nanocomposite
electrodes. Silicon (Si) nanoparticles are anode materials.
Silicon has a sizeable potential lithium-ion storage
capacity, but its volume expansion during lithiation and
delithiation degrades electrodes.

Nanosized silicon particles better handle this
expansion, lowering mechanical stress and cycling stability
[11]. Table 3 presents the characteristics, uses, and
difficulties associated with nanocomposite electrodes for
lithium-ion batteries.

TiO, nanoparticles in the cathode structure are another
example. Nanoscale TiO, boosts electrode surface area and
lithium-ion diffusion kinetics, improving charge-discharge
rates and performance. Nanocomposite electrodes also
employ graphene and carbon nanotubes as conductive
additions. These materials improve electrode mechanical
stability and electron transport, improving battery
performance.
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3.2. Supercapacitors with Nanostructured Electrodes

Supercapacitors, ultracapacitors, and electrochemical
capacitors store and release energy faster than batteries.
They provide power quickly and have a high power
density. Supercapacitors depend on nanostructured
electrodes. Electrode materials include activated carbon
nanoparticles and graphene. The large electrode-electrolyte
interface surface area improves ion adsorption and
desorption, improving energy storage [12]. In recent years,
supercapacitor electrodes have used transition metal
oxides, including manganese oxide (MnQO,) and ruthenium
oxide (RuO,), as pseudocapacitive materials. Redox
processes improve faradaic capacitance and supercapacitor
energy storage capacity. Nanomaterials provide flexible,
lightweight supercapacitors. Nanostructured electrodes on
flexible substrates enable wearable energy storage and IoT
applications [13]. Nanomaterials have made high-
performance lithium-ion batteries and supercapacitors with
nanocomposite electrodes possible. Nanotechnology
research will lead to more effective and sustainable energy
storage technologies to meet future energy needs.

4. Smart Nanomaterials for

Harvesting and Self-Powered Systems

Smart nanomaterials for energy harvesting convert
ambient energy into electrical power in the pursuit of
sustainable and  self-sufficient  energy  systems.
Piezoelectric nanomaterials and triboelectric
nanogenerators are promising technologies for capturing
mechanical and ambient energy.

Energy

4.1. Piezoelectric Nanomaterials for Mechanical Energy
Conversion

Piezoelectric materials create electric charges when
deformed. These materials can gather energy from daily
movements and vibrations by converting mechanical
energy into electrical energy. ZnO nanowires and PZT
nanoparticles have more significant piezoelectric
coefficients and energy conversion efficiency at the
nanoscale [14]. Nanomaterials have more vital mechanical
interaction with their surroundings, improving energy
harvesting. Self-powered infrastructure, wearable, and IoT
sensors use piezoelectric nanomaterials. Piezoelectric
nanogenerators in shoes may gather energy from foot
motions to power embedded sensors or wireless
communication devices without external power.



A. S. Vickram / IJME, 10(9), 44-52, 2023

Table 3. Lithium-ion nanocomposite electrodes: Properties, applications, and challenges

Nanocomposite Properties and

conductivity and

Electrodes Advantages Applications Challenges
Silicon-based High capacity for lithium High-performance Volume expansion
Nanocomposites storage lithium-ion batteries during cycling
Graphene-Enhanced Enhanced electrical Fast-charging and long- Aggregation and

mechanical flexibility

Composites mechanical strength lasting batteries dispersion of graphene
Metal Oxide High specific capacity Electric vehicles and The poor electronic
. S renewable energy .. .
Nanoparticles and stability conductivity of oxides
storage
Carbon Nanotube Excellent. e!ectrlcal Lightweight and durable | Difficulty in uniformly
. conductivity and . . .
Composites batteries dispersing nanotubes

Sulfur-Carbon High theoretical capacity

Next-generation

rechargeable lithium Sulfur loss during

Nnocomposi nd 1 ) lin

Nanocomposites and low cost batteries cycling

4.2. Triboelectric Nanogenerators for Harvesting conversion process. Nanomaterials have different thermal

Ambient Energy and electrical transport characteristics. Phonon scattering
Triboelectric Nanogenerators (TENGs) use at grain boundaries and interfaces reduces thermal

mechanical energy to generate electrical power. The
triboelectric effect transfers electrons when different
materials touch and separate. This charge transfer produces
electrical energy. TENGs use nanostructured polymers and
metal nanoparticles to increase charge production and
separation efficiency [15]. These materials have more
contact sites, boosting triboelectric interactions.

TENGs capture wind, water, ambient vibrations, and
human motion energy. They can power autonomous,
sustainable systems in clothes, building materials, and
portable gadgets. Piezoelectric nanomaterials and
triboelectric nanogenerators can gather mechanical and
ambient energy, providing a complete energy-harvesting
solution. These nanomaterial-based energy harvesters can
provide a continuous, renewable power supply when
integrated with storage systems like Dbatteries or
supercapacitors, reducing our reliance on conventional
energy sources and encouraging the development of self-
powered, environmentally friendly technologies. Smart
nanomaterials like piezoelectric and triboelectric
nanogenerators can capture energy and power self-
powered devices. Nanotechnologies provide sustainable
energy solutions vital to a greener, more energy-efficient
future.

5. Nanomaterials
Efficiency

Sustainable development relies on energy efficiency to
cut energy use and boost performance. Nanomaterials
improve energy efficiency across industries. Energy-saving
nanocoatings and nanostructured thermoelectric materials
are examples.

for Enhanced Energy

5.1. Nanostructured Thermoelectric Materials

The Seebeck effect allows thermoelectric materials to
turn heat into electricity and vice versa. Nanomaterials
increase energy efficiency by expanding this energy
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conductivity in nanostructured thermoelectric materials,
preventing heat loss and improving efficiency. Nanoscale
characteristics improve electrical conductivity and charge
carrier mobility, enhancing thermoelectric device power

production [16]. Table 4 outlines nanostructured
thermoelectric  materials’ characteristics, uses, and
difficulties.

Bismuth Telluride (Bi,Tes) and Lead Telluride (PbTe)

have been intensively studied as nanostructured
thermoelectric materials for waste heat recovery. Their
efficiency advances have allowed thermoelectric

generators to be used in industrial operations, vehicle
exhaust systems, and even wearable devices to transform
waste heat into power, lowering energy usage.

5.2. Nanocoatings for Energy-Saving Applications
Nanocoatings improve the energy efficiency of
surfaces and systems for energy-saving applications.
Nanomaterial-based thin films may affect surfaces’
characteristics, decreasing energy use and environmental
effects. Nanocoatings on building windows reduce heat
transmission. Nanomaterials like nanoporous silica or
titanium dioxide block infrared radiation but let visible
light through, lowering heat absorption from sunshine in
hot weather and heat loss in cold weather. Heating,
Ventilation, and Air Conditioning (HVAC) systems may
save a lot of electricity; nanocoatings on heat exchangers
and pipes reduce fouling and improve thermal
conductivity. These coatings avoid deposits that hinder
heat transmission and system performance [17].
Nanocoatings enhance industrial processes and energy-
intensive equipment by minimizing fouling, lowering
energy consumption and increasing operational efficiency.

Solar panel nanocoatings improve light absorption and
minimize reflection, enhancing solar energy conversion
efficiency. These coatings make solar panels self-cleaning,
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avoiding dust and grime by reducing energy output.
Nanostructured thermoelectric materials and energy-saving
nanocoatings have increased energy efficiency. These

recover waste heat, and optimize surface qualities to
reduce system energy consumption. Nanotechnology will
increase energy efficiency, supporting a cleaner future.

improvements increase energy conversion processes,
Table 4. Nanostructured thermoelectric materials: properties, applications, and challenges
Nanostructured Properties and
Thermoelectric p Applications Challenges
. Advantages
Materials
Bismuth Telluride High thermoelectric Waste heat recovery in Limited operational

(Bi2Te3)

efficiency and electrical

power plants and

temperature range

conductivity industrial processes
Lead Telluride (PbTe) High thermoelectric Aerospace and Toxicity concerns and
performance at elevated automotive environmental impact
temperatures thermoelectric generators
Silicon-Germanium (Si- High thermoelectric Space missions and Cost of materials and
Ge) figure of merit remote power generation | complex manufacturing
processes
Skutterudites High thermal stability Energy-efficient cooling Limited availability of
and mechanical strength and power generation rare elements
Half-Heusler Tailorable electronic and | Solid-state refrigeration Material synthesis and
Compounds thermal properties and waste heat recovery cost considerations

6. Nanomaterials for Sustainable Energy

Solutions

Nanomaterials provide sustainable energy solutions
and other advances. Nanocatalysts for renewable fuel
generation and nanomaterials in green energy systems are
essential applications.

6.1. Nanocatalysts for Renewable Fuel Production

Hydrogen and biofuels may reduce greenhouse gas
emissions and mitigate climate change. Nanocatalysts
improve renewable fuel generation by increasing reaction
kinetics and selectivity. Nanocatalysts are used in water
electrolysis to produce hydrogen. Platinum, nickel, and
cobalt nanocatalysts offer increased catalytic activity and
lower energy needs for hydrogen evolution. Nanomaterials
may also boost photocatalytic water splitting by employing
semiconductor nanocrystals for direct solar-driven
hydrogen creation. Biodiesel and biomass conversion use
nanocatalysts for biofuel generation. Palladium or
ruthenium nanoparticles may improve biomass conversion
to biofuels with fewer energy inputs. Nanocatalysts can
also boost biodiesel production by improving
transesterification.

6.2. Nanomaterials in Green Energy Systems

Nanomaterials enhance solar cells, wind turbines, and
energy storage devices. Nanotechnology makes energy-
optimized materials possible. Nanomaterials provide
lightweight, efficient solar panels. Quantum dots and
nanowires in photovoltaic systems improve light
absorption and charge carrier movement, increasing
conversion efficiency. Nanomaterials can also make
flexible and transparent solar cells for building-integrated
photovoltaics and wearable electronics.

Advanced wind turbine blades use nanomaterials.
Nanomaterial ~ coatings  enhance  turbine  blade
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aerodynamics and durability, capturing more energy and
lowering maintenance costs. Nanogenerators use
nanomaterials to capture ambient wind energy for distant
and off-grid applications. Nanomaterials have transformed
battery and supercapacitor technology for energy storage
[18]. Nanocomposite electrodes and nanostructured
materials increase energy densities, charge-discharge rates,
and cycle life, enhancing energy storage devices.
Nanomaterials are critical to renewable fuel generation and
green energy systems. These adaptable materials continue
to innovate energy technology and promote a more
sustainable and ecologically friendly energy landscape.
Nanotechnology research will accelerate sustainable
energy solutions.

7. Nanomaterials

Storage Devices

Nanowires and nanoporous materials have helped
build better anodes and cathodes for energy storage.
Nanomaterials improve energy storage capacity, charge-
discharge rates, and device performance. Table 5 provides
a critical assessment, a list of obstacles and challenges, and
future directions for nanomaterials for advanced energy
storage devices [18].

for Advanced Energy

7.1. Nanowire-based Anodes and Cathodes

One-dimensional nanowires have nanometer widths
and lengths of tens to hundreds of micrometres. Their
aspect ratios are far higher than bulk materials. Nanowires
can hold more lithium ions when charging and
discharging, increasing energy storage. Silicon nanowire
anodes in lithium-ion batteries are popular [11,19]. Silicon
stores more lithium than graphite anodes; however, its
massive volume variations during lithium absorption and
release cause mechanical deterioration. Nanowires are tiny
enough to handle volume fluctuations better.
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Table 5. Nanomaterials for advanced energy storage devices: critical assessment, limitations, challenges, future directions

Nanomaterials for
Advanced Energy
Storage Devices

Critical Assessment

Limitations and
Challenges

Future Directions

High surface area
promises but threatens

Large-scale

Nanowire-based Anodes structural integrity. manufacturing Improved anode and
and Cathodes Cycling instability scalability and cathode materials.
reduces capacity and repeatability concerns.
longevity.

High surface area stores
ions well; however, pore
size and dispersion
issues cause uneven
performance.

Nanoporous Materials

Uniform nanoporous
materials performance
and capacitance vary due
to pore size and
distribution issues.

Methods for scaling
improved porous
materials research
Improved porous
materials research

Lithiation increases
lithium storage capacity,
but it decreases electrode

Silicon-Carbon
Nanocomposites

Electrode volume
variations during
lithiation and delithiation
minimize deterioration
and mechanical failure.

Nanocomposites with
increased mechanical
characteristics and
stability from advanced

and aggregation lead to
suboptimal properties in
devices.

flexibility in composites
result in reduced
efficiency.

stability. . electrode design
nanocomposite
. research.
mechanical stress.
Stability issues in
. . . aqueous environments Research on MOFs with
High porosity and ion . ) .
2 . and during ion improved stability and
diffusion potential are . . . . .
. - o insertion/extraction exploration of hybrid
Metal-Organic promising, but stability . o
. processes. Performance materials combining
Frameworks (MOFs) concerns in aqueous . . . .
. S in harsh environments. MOFs with conductive
environments limit .. .. .
ractical anplications Limited conductivity elements for improved
p PP hinders fast properties.
charge/discharge rates.
. . Challenges in uniformly
High electrical . . Research on graphene-
. dispersing graphene and . .
conductivity is S e e . based composites with
maintaining its electrical
advantageous, but . the development of
Graphene and Graphene . Lo . properties enhanced .
. difficulties in dispersion o . scalable production
Oxide stability and mechanical

methods for graphene-
based materials with
consistent quality.

Vanadium oxide nanowire cathodes have been
investigated to improve lithium-ion battery performance.
Vanadium oxide nanowires enhance lithium-ion diffusion
channels, speeding charge discharge and power production.
These nanowire cathodes have remarkable cycle stability,
making them suitable for next-generation lithium-ion
batteries.

7.2.  Nanoporous Materials
Applications

Nanoporous materials have a high nanopore density,
increasing their surface area. Nanoporous materials are
suitable for supercapacitors and battery electrodes because
they have more active sites for charge storage. Activated
carbon and carbon nanotubes are common electrode
materials in supercapacitors. These materials have large
surface areas for effective ion adsorption and desorption at
the electrode-electrolyte interface, leading to high
capacitance and rapid charge-discharge rates. Nanoporous
electrode supercapacitors are ideal for fast energy storage
and release.

for Energy Storage
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Lithium-sulfur and metal-air batteries use nanoporous
materials. Nanoporous carbon compounds host sulphur in
lithium-sulfur batteries, avoiding polysulfide dissolution
and boosting cycle stability [20]. Nanoporous metal oxide
or carbon materials catalyze oxygen reduction and
evolution processes in metal-air batteries, improving
efficiency and lifespan. Researchers are advancing energy
storage technologies using nanowire-based anodes,
cathodes, and nanoporous materials with high surface
areas. Nanomaterials might transform energy storage,
providing more efficient and sustainable energy solutions
for portable gadgets and grid-scale energy storage.

8. Smart Nanomaterials in
Management Systems

Energy management systems use smart nanomaterials
for energy control, real-time monitoring, and optimization.
Nanosensors and smart windows with nanomaterials
regulate and optimize energy.

Energy
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8.1. Smart Windows with Nanomaterials for Energy
Regulation

Smart windows change their optical qualities to light
and heat. Electrochromic and thermochromic nanoparticles
have advanced smart windows for energy-efficient
buildings. When a tiny voltage is supplied, electrochromic
nanomaterials like tungsten oxide and nickel oxide
nanoparticles alter transparency and light-blocking [21].
These nanoparticles may be used in windows to control
sunlight, minimizing the demand for artificial lighting and
cooling. This minimizes glare, energy use, and comfort.

Thermochromic  nanoparticles  change  optical
characteristics with temperature. Smart windows may use
these nanomaterials to restrict or enable heat transfer
dependent on external temperature. In warmer areas,
windows reflect sunlight and decrease heat intake. In
cooler climates, they let more sunlight through for passive
solar heating.

Smart windows with nanomaterials in energy
management systems may save buildings energy and make
them more sustainable.

8.2. Nanosensors for Real-time Energy Monitoring and
Optimization

Nanosensors provide real-time energy monitoring and
optimization in energy management systems. These
nanomaterial-based sensors can measure energy use,
equipment performance, and environmental variables.
Nanosensors can monitor energy use and inefficiencies in
power distribution networks and industrial processes in
smart grids and industrial energy management systems.

They assess voltage, current, temperature, and
humidity to optimize energy distribution and find energy-
saving options. Nanosensors may be incorporated with
lighting, HVAC, and other building systems to monitor
occupancy, temperature, and indoor air quality [22]. Real-
time data can automatically alter energy use depending on
demand and occupancy, creating energy-efficient and
pleasant interior settings.

Smart appliances and energy-efficient gadgets need
nanosensors. Nanosensors help devices run efficiently by
giving input on energy use and performance. Nanosensors
in energy management systems provide real-time data
collecting and processing, allowing smart energy
optimization.  This  improves energy efficiency,
environmental impact, and energy management. Smart
nanomaterials provide smart windows for energy control
and nanosensors for real-time energy monitoring and
optimization, revolutionizing energy management systems.
These advances enable more efficient and sustainable
energy usage, supporting a greener future and aiding
climate change initiatives.

9. Nanomaterials for Energy-Water Nexus
Energy production and consumption rely on water
availability in the energy-water nexus. Nanomaterials
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provide new water desalination, purification, and energy-
water utilization solutions.

9.1. Nanotechnology for Water Desalination and
Purification

Sustainable growth requires clean, fresh water, which
is scarce in dry locations. Desalination removes salt and
pollutants from saltwater or brackish water, addressing
water shortages. Nanotechnology makes desalination more
energy-efficient and cost-effective. Due to their
characteristics, graphene oxide membranes and carbon
nanotubes can desalinate well. These nanostructures block
salt ions while letting water molecules through, improving
desalination = permeability = and  efficiency  [23].
Nanomaterial membrane desalination facilities may save
energy, money, and the environment. Nanomaterials also
purify water. Metal-Organic Frameworks (MOFs) and
nanocomposites may selectively absorb heavy metals and
organic pollutants from water sources. Nanomaterials with
large surface areas and customizable characteristics are
useful water purification adsorbents.

9.2. Nanomaterials for Efficient Energy-Water Utilization

Power plant cooling and oil and gas production need
massive volumes of water. Water and wastewater treatment
need tremendous energy. Nanomaterials optimize energy-
water use in various processes. Nanofluid suspensions of
nanoparticles in water or other fluids have been studied as
effective heat transfer fluids in power plant cooling
systems. Nanofluids dissipate heat faster and use less
energy than traditional cooling fluids. Nanomaterials can
catalyze Advanced Oxidation Processes (AOPs) to break
down organic contaminants in wastewater treatment. UV
light activates nano photocatalysts, such as titanium
dioxide nanoparticles, to create reactive oxygen species
that break down wastewater organic molecules. This
sophisticated wastewater treatment process uses less
energy.

Energy-efficient water harvesting and desalination
systems are also  investigating  nanomaterials.
Nanomaterials improve solar energy absorption and
conversion, making nanotechnology-enabled solar-driven
desalination systems more energy-efficient and sustainable.
Nanomaterials help desalinate, purify, and use energy
water efficiently. Water shortage and sustainable energy
and water management need these advances.
Nanotechnology research will lead to water-secure and
energy-efficient futures.

10. Challenges and Future Directions in
Functional and Smart Nanomaterials for

Energy
10.1. Scaling up Nanomaterial Synthesis and
Manufacturing

The scalability of nanomaterial synthesis and

production processes hinders the broad deployment of
functional and smart nanomaterials for energy applications.
Many nanomaterials have  excellent laboratory
characteristics, but scaling them up for commercial use is
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difficult. Controlling reaction conditions, particle size, and
shape during nanomaterial creation is difficult. Scaling
these procedures while preserving quality and affordability
is difficult. Large-scale nanomaterial synthesis is costly
and complicated due to pricey precursors and specialized
equipment. Researchers and companies must find scalable,
cost-effective nanomaterial synthesis techniques to solve
these problems. Continuous flow systems, microwave-
assisted synthesis, and aerosol-based methods can scale
production. Automation and process optimization improve
nanomaterial production repeatability and efficiency.

10.2. Integration of Nanomaterials in Real-World Energy
Devices

Functional nanomaterials perform well in labs, but
integrating them into energy devices is difficult. Practical
implementation requires device architectural compatibility,
operational stability, and long-term dependability.
Nanomaterial integration into electrode architectures in
battery and supercapacitor technologies demands strong
and scalable production procedures to provide consistent
and dependable performance. Nanomaterial mechanical
stability and current collector adhesion must be optimized
to avoid electrode deterioration during charge-discharge
cycles. Solar energy harvesting requires nanomaterials in
scalable and durable photovoltaic systems. Solar cell
performance depends on nanomaterial stability and
endurance under sunlight and environmental conditions
[24].

Commercial nanomaterial-based energy devices must
also fulfil regulatory and safety norms. Nanomaterial
toxicity and environmental effects must be understood to
assure technology safety and sustainability. Material
scientists, engineers, and industry stakeholders must
collaborate to solve these problems. Nanomaterial testing
and characterization under realistic settings may discover
constraints and enable device optimization and
commercialization  [24].  Functional —and  smart
nanoparticles may transform energy technology. To realize
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their  full  potential, nanomaterial ~ production,
manufacturing, and integration into energy devices must be
overcome. Innovative methods, collaboration, and a better
knowledge of nanomaterial characteristics and behaviour
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