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ABSTRACT

Nanotechnology was the novel invention of the 20th century with wide applications in various fields
making it the most promising technology of the future. World's focus is now towards sustainable
development. Nanotechnology with its unique properties (smaller size, large surface area, high efficiency,
gradual action, sensor ability, monitoring capability) made it the most inevitable tool in conservation of
natural resources and mitigation of climate change. Agriculture sector contributions to the greenhouse
gases (GHG) has been significantly increasing especially nitrous oxide emission from the applied
nitrogenous fertilizers. Transportation, Energy and Industrial sectors are also in the race of adding GHG
to the atmosphere. There are various reports saying that 1.5°C temperature increase over normal will
reach by 2030 which is sooner than the predictions made by IPCC (Intergovernmental Panel On Climate
Change). Though lot of research work has been going on with respect to climate change, still there are
unexplored areas of nanotechnology applications. Nanotechnological interventions can play a role in the
climate change mitigation. Hence this review made an effort to analyse and synthesise the applications
of nanotechnology such as nano fertilisers and pesticides, nano coatings, nano fuel cell and batteries,
nano sensors, nano blended fuels, nano structured materials etc. in greenhouse gas emission reduction
and climate change mitigation for environment sustainability.
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was held at Glasgow of Scotland. Even COP 27 of
Egypt emphasized the funding support to the
developing countries from the developed countries
to mitigate climate change. India being a developing
country with second highest population in the world
needs to focus on sustainability options in each and
every sector. Agriculture is the main occupation of
Indian subcontinent and also primary contributor to
the N2O which is 310 times more powerful in
warming the atmosphere than CO2 (Pathak et al.,
2014). 60% of the GHG emissions is from energy,
industry and transportation sectors (IPCC, 2019).
Nanotechnology is the understanding and control of
matter at dimensions between 1 and 100 nm where
unique phenomena enable novel applications
(National Nanotechnology Initiative). Nano-
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Introduction

Major force driving to climate change today is
global warming. In 2014, Intergovernmental panel
on climate change (IPCC) reported that scientists
were more than 95% certain that global warming is
mostly being caused by increasing concentrations of
greenhouse gases. Each new decade is comparatively
warmer than the previous one (IPCC, 2021). The
anthropogenic influence on climate change is clear
as the greenhouse gas emissions are increasing from
food grain production for feeding the growing
population (Bhatia et al., 2010). India pledged to
become carbon neutral by 2070 at COP 26 which
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technology is one of the best solutions for the climate
change related problems (Chousali et al., 2023).
From the production of food crops, their processing
and transportation, and their disposal, there are many
applications of nanotechnology. Even in construction
of buildings, climate monitoring, waste management
and capture of already emitted pollutants, the need
of nanotechnology is there. The nanotechnological
interventions can lead to counter climate change
impacts and result in productive agriculture and
sustainable ecosystem. Various approaches to address
emerging threats under climate change are depicted
in Fig. 1.

Reasons for choosing nanotechnology

Since the advent of 21st century, research on
nanotechnology to reduce the pollution and climate
change was increased manifolds. Nanotechnology
helps to produce nano particles that has very low
surface area which promotes faster reactions, faster
reactions increase the efficiency and less
consumptions of inputs, this less consumption will
further lessen the emissions. Nanotechnology helps
in providing alternatives to fossil fuel and thereby
reducing greenhouse gas emissions (Rai et al., 2016).

Due to its reduced surface area, nanoparticles,
catalyze the reactions at much faster rate and absorb
the pollutants much efficiently (Mehndiratta et al.,
2013). Nano scale filters even remove the toxicants
and pollutants from the fuel (Ibrahim et al., 2016).
Nanotechnology also helps to reduce emissions in
vehicles by reducing their weight (Shafique et al.,
2019) and also helps in converting carbon into useful
products (Ashley et al., 2012). It also used in water
treatment processes, reducing wastes into useful fuels
thereby reducing chemical inputs into the
environment through the use of carbon nanotubes,
nano catalysts (Chyne et al., 2022). There are many
fields related to environment, agriculture, transport
sector, etc. wherein nano technology has numerous
applications (Table 1). Nanotechnology may bring
another revolution in agriculture, industry and energy
related fields.

Nanotechnology interventions to combat
climate change

Nano fertilizers

It is known that modern agriculture requires large
amount of chemical inputs compared to traditional/

Fig. 1. Nano-technological approaches for climate change mitigation and adaptation
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Table 1

Uses Nanomaterials Benefits

Nanofertilizers Nanoparticles, nanoclays, nanocomposites, Prevent nutrient losses
nano coatings, nano chelates, nano Increased nutrient use efficiency
complexes and nano hydrogels Efficient and slow release of nutrients

Absorption of moisture and water retention
capacity

Nano pesticides Nano encapsulations (insecticide, herbicide, Controlled release of active ingredients
fungicide, biopesticides), controlled release Prolonged protection
formulations (solid, liquid and gaseous), Targeted delivery
nano adherents and adjuvants Eco friendliness

Reduce the development pesticide resistance
Better coverage and penetration

Nano particles in Zero valent iron particles, nanocatalysts, Enhance the breakdown of organic matter
biogas production corrosion resistant materials, nano based Accelerate the digestion of matter

purification, nano membranes and Better resistance to corrosion of bioreactors
nanosensors Higher quality and yield of biogas

Real time data from the sensors
Separation of gases by using membranes

Automotive Nano composite materials, carbon nanotubes, Making the vehicles lighter
nano coatings, nanosensors, nano fuels, More resistant to wear and tear
nano catalysts, nano fluids and energy Less fuel consumption
storage via lithium batteries Reduced carbon emissions

Better heat transfer mechanisms
Higher storage capacity of batteries

Renewable Carbon nanotubes, quantum dots, graphene, Conversion efficiency
energy nano wires, nano coatings, nano generators Corrosion resistance turbines and cells

and nano solar cells Better storage capacity
Improved light absorption
Better transmission

Environment Nano filters, nano catalysts, nano sensors, Water purification
graphene, metal oxides, carbon nanotubes Air purification
and nano membranes Conversion of more harmful pollutants into

less harmful ones
Environmental monitoring on real time basis
Efficient CO2 capture and storage

Conventional type of agriculture. Mechanization of
agriculture also resulted into greater emission of
GHG. Agriculture sector contributing 35% of the
GHG emissions in developing countries (Tubiello
et al., 2022). Nano technology is the sustainable
option to reduce the emissions and to improve the
crop nutrition (Jakhar et al., 2022). Nanofertilizers
(NFs) are powder or liquid formulations which
involve the synthesis, design and use of materials at
the nanoscale level (Raimondi et al., 2021). NFs
cannot be made in granular form due to their small
size hence at the extreme solidness, it could be of
powder form. There are many advantages in using

NFs over conventional fertilizers. NFs reduce the
losses and enhance the nutrient absorption by the
plant by regulating the availability of the fertilizer
in the soil (Verma et al., 2022; Marquez et al., 2022).
NFs composites contributed to significant increase
in the growth and grain nutrient content (Guha et
al., 2022). Less nitrous oxide emission recorded in
nano zinc oxide coated fertilizers (Nagargade et al.,
2022). On the other side, Zn ions in ZnO NFs are
heterogeneously distributed on wheat leaf as
compared to ZnSO4 treated samples through foliar
application (Zhu et al., 2020). NFs can easily
penetrate through the stomatal pores and cell wall
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(Fig. 2) (Hong et al., 2021). Newly invented ZnO
quantum out performed the nanoscale ZnO NPs in
growth and nutrition of tomato (Sun et al., 2023).
This helps in better distribution of nutrients as well
as suitability to foliar application as compared to
conventional fertilizers. Nano particles increased the
nutrient uptake by 58.30% and wheat crop yield by
22.13% (Sharma et al., 2022). Application of Nano
liquid urea may reduce the leaching, denitrification
and ammonia volatilization losses (Kumar et al.,
2021). Because liquid formulations are mostly
applied through foliar applications and no soil
reactions are involved., thus have the added
advantage in mitigating 100% soil emissions.

Macro nutrient fertilizers are usually coated with
Zinc oxide nanoparticles (ZnO) due to its faster
dissolution compared to the normal bulk ZnO (Milani
et al., 2012). 44.95% less N2O emission was recorded
by coating urea with 2% ZnO nano particles (Kundu
et al., 2016). Nano clay polymer composites (NCPC)
helpful in reducing the N2O emissions with the less
amount of fertilizer and equal amount of yield in
both rice and wheat crop compared to the
conventional urea fertilizer (Kirti et al., 2021).

NCPCs are have a good water holding capacity and
slowly release the fertilizers hence it’s a viable
method of application in agriculture (Saurabh et al.,
2019). Carbon nanotubes (CNTs) reduce the amount
of chemicals released into the environment through
targeted delivery of agro chemicals and reduce the
damage to the plant tissue (Prasad et al., 2017). NFs
also enhance the abiotic stress tolerance i.e. drought
tolerance in wheat plants (Astaneh et al., 2021). NFs
also deliver the nutrients in a controlled manner, so
there will be a less water pollution by the use of such
chemicals (Guo et al., 2018). Thus, NFs are more
sustainable as compared to conventional fertilizer.

Nano pesticides

Like nano fertilizers, nano pesticides are also
available. Nano pesticides “involve either very small
particles of a pesticide active ingredient (ai) or other
small engineered structures with useful pesticidal
properties” (Bergeson et al., 2010). Right now, there
are no evidences or research studies available on nano
pesticides impact with respect to global warming but
it has many benefits as compared to conventional
pesticides. For efficient delivery of nano pesticides,

Fig. 2. Soil and foliar application of nano fertilizers in agriculture for combating nutrient deficiencies and
climate change
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nano carriers are used which ensure pesticide stability
against degradation and also micro fabricated xylem
vessels are designed to understand the mechanisms
involved in treatment of the diseases (Ditta et al.,
2012). If clay nanotubes are used in pesticides, 60-
70% of the pesticide required will be reduced and
cost of the pesticides also reduced (Murphy et al.,
2008). Even zero valent nano particles are used to
remediate soil contaminated with previously applied
pesticides, heavy metals and radionuclides
(Mukhopadhyay et al., 2014). This will directly lead
to reduction in quantity of pesticide application, and
thus indirectly contribute to impacts related to climate
change.

Nano particles in biogas production

Bio gas production from biomass wastes or cow
dung is like win-win idea to achieve sustainable
goals. Nano particles (NP) acts as adherent or
enzymes involved in biogas production are
immobilized on nano particles, nano fibers and nano
tubes through which anerobic process triggered by
metal particles along with microorganisms to give
biogas (Vasantha et al., 2021). Enhancement of
biogas production through anaerobic digestion using
iron nano- particles is sustainable and feasible (Faisal
et al., 2018). Highest biogas yield noticed in iron
oxide nanoparticles i.e., about 28% compared to

nickel and cobalt nano particles in which 26% and
9% biogas yield was recorded (Zaidi et al., 2018).
Because significant enhancements in the growth of
microalgae involved in biogas production was
reported in all the doses of iron oxide NPs treatments
(Rana et al., 2020). Trace metals in the form of
nanoparticles have a clear bio stimulating effect on
the methanogenic activity during the start of the
process as well as reducing the time required for
biogas production till the end of the experiment
(Abdelsalam et al., 2017). Nickel nano-particles are
able to effectively biostimulate the methanogenic
bacteria and increase the activity and methane
percentage (Dar et al., 2021). Algae and microbial
enzymes also have the ability to convert emitted
greenhouse gases into useful industrial products like
biofuel, biogas and bio polymers, but the efficiency
is more when used with nano materials (Sharma et
al., 2022). However, cost effective synthesis of nano
particles which are non-toxic to methanogenic
organisms and environment are required (Arya et al.,
2021).

Light weight nano composite materials

Producing sustainable fuel or biofuel is one of
the methods to reduce emissions, but making the
vehicles even more efficient in using that fuel is
needed. Metal components are usually adding weight

Table 2. Impact of different nano fertilizers combinations on different crops in different regions of India

Crop Nano fertilizers Impact of nano Region of References
fertilizer experiment

Paddy Zinc nano particle Increase in root and Karnataka Jyoti et al., 2017
(0-150 mg/l) shoot length + biomass

(fresh & dry)
Paddy (Pusa Urea + magnetite Increase in yield+ brown Punjab Chitkara et al., 2022
basmati 1509) nano fertilizer (Fe3O4) head rice recovery

(64.9%)
Sesame, mustard, Nano fertilizers of Increase in the yield Haryana Kumar et al., 2022
wheat and nitrogen & zinc +
pearl millet organic farming
Maize 50% N+100% PK+ Maximum yield + Karnataka Ajithkumar et al.,

2 sprays of IFFCO disease resistance to 2021
nano N with IFFCO turcicum leaf blight
sagarika

Foxtail millet ZnO nanoparticles Higher oil and total Slovakia + India Kolencik et al.,
nitrogen content (Andra Pradesh) 2019
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to any kind of vehicles hence to reduce weight, focus
is shifted to various kind of nano- polymeric
composites (Song et al., 2012). Nano materials helps
to produce automotive outer components in a very
economical manner (Virmani et al., 2021). 10%
Reduction in weight of vehicle corresponds to 10%
reduction in fuel consumption (Kawajiri et al., 2020)
and weight reduction also helps in fuel efficiency up
to 4-8% (Fontaras et al., 2017). Reduction in 100 kg
weight of the vehicle is equivalent to the reducing
10 g of carbon oxide in atmosphere (De souza et al.,
2022). This shows the direct relation between weight
of object and CO2 emissions. This is because less
energy is needed to accelerate the lighter object than
the heavier one. Fibre glass carbon nano tubes helps
in reduction of vehicle weight by 23% and thermal
stability also improved by 5% (Subadra et al., 2020).
Graphene is another component which is made of
layers of graphite also used widely in automotive
industry and devices which are made by using
graphene reduces 36% emissions of greenhouse
gases (Cossutta et al., 2021). Graphene nanoparticles
used in fuel tank, carburetor, piping, tubing and
injectors enhances the thermal and mechanical
properties (Kiziltas et al., 2021). Absorption of
emitted greenhouse gases and its separation by using
nano made materials like graphene oxide frameworks
has been reported (Skarmoutsos et al., 2017) and the
graphene itself can be made using carbon naturally.
Due to this it is both source and sink in itself.

Nano blended fuels

Many experiments are going on in and around
the country to produce more efficient biofuel blended
petrol and diesel to achieve fuel efficiency, reduce
GHG emissions and mitigate climate change related
impacts. Nano additives to diesel alone or biodiesel
blends enhances combustion properties of fuel (Lv
et al., 2022). Biofuel blended conventional fuels tests
shows 7.5% less emission of CO and 8.53% less
emission of hydrocarbons (Agbulut et al., 2022).
Biodiesel with metal nanoparticles results in a
complete combustion of fuel than the diesel alone
(Hoang et al., 2022). Because nano metals increase
the engine performance. Complete combustion can
be achieved by including cerium oxide nanoparticles
which reduces the temperature of the carbon
combustion and thereby improves the oxidation of

the hydrocarbons (Norhafana et al., 2020). Nano-
catalysts mainly applied to improve fuel efficiency.
Nano-catalysts uses the oxygen storing cerium oxide
nanoparticles to promote complete fuel combustion,
which helps in reducing fuel consumption (Zhang et
al., 2019). Nano-catalysts shows 8-10% savings in
fuel consumption (Centi et al., 2011) and it also
reduces friction and improving wear resistance in
engine. Nano-catalysts also a safer reagent to use in
engine mechanics (Sancheti et al., 2022). Nano
catalysts in diesel- biodiesel fuel blends increase the
performance efficiency parameters like power
generation and fuel consumption (Mirzajanzade et
al., 2015). Only drawback is no known evidence is
available to show the actual mechanisms involved
in engine in presence of NPs.

Nano-coatings

Nano coatings are used in building constructions,
vehicles manufacturing, solar panels etc. Nano
coatings protect the buildings from excess heat and
fire threat there by reducing greenhouse gas
emissions and sometimes it is also used in advance
fire warning systems (Zhu et al., 2022). Nano
coatings are introduced on photovoltaic panels which
are hydrophobic in nature and also resistant to dust
particles which enhance efficiency of the panels
(Elnozahy et al., 2022). To increase the absorption
of solar energy, nano-black coatings are used in solar
panels (Hussein et al., 2023). Nano coatings are good
way of reducing emissions and maximizing clean
energy production (Hussein et al., 2015; Christian
et al., 2013). Nano coatings can be applied to aircraft
which can make aircraft smoother, reducing drag and
also protect the material from extreme environmental
conditions (Pathak et al., 2020). Nano coatings also
used for makings reflective surfaces to mitigate urban
heat island (Wu et al., 2022). Unlike normal metal
coatings, nano coatings offer reflective and
absorptive surfaces, corrosion resistant and dust proof
surfaces, withstands all adverse weather conditions.
This made the nano coatings a much needed and
reliable tool in increasing efficiency and
sustainability.

Nano structured materials

Nano structured materials are the novel materials
like molecules, crystallite, clusters etc whose size
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ranges from 1-100 nm (Omeiza et al., 2023).
Skyscrapers are most common in highly developed
smart cities, warming effects are more felt in the
urban areas compared to rural areas due to congestion
and air pollutants traffic. Hence buildings should be
constructed with materials having thermal insulating
properties. Silica aerogel is the lightest solid material
known with excellent thermal insulating properties
of the buildings and also reduces the heat load on
heating systems (Baetens et al., 2011). Concrete
production has high carbon footprint, due to carbon
nanotubes -concrete composite, approx. 1000 ton of
cement that is not produced avoids the emissions of
over 800 tons of CO2 (Nanowerk, 2019). Nano
concrete improve the bulk properties of cement
including faster setting time, thinner structural
element and less consumption of cement (Olafusi et
al., 2019). Graphene is a thin layer of graphite which
is ideal material to create chemical and gas filtration
(Jirickova et al., 2022) and reduce the carbon dioxide
released from cement and concrete (Shamsaei et al.,
2018).

Improved renewables

India is now a global leader in taking initiatives
with respect to enhancing the solar energy outputs
to become carbon neutral and to follow the
sustainable path of energy production. In this
direction nanotechnology is essentially needed to
enhance the efficiency of renewables and making
India’s dream of becoming carbon neutral country
by 2070 into reality. Nanotechnology applied to
photovoltaics, which is used to produce solar panel
which doubles or triples the output (Ahmadi et al.,
2019). Graphene applications in photovoltaics
industry is far beyond imagination (Mandal et al.,

2021). Nanoscale particles used in heat and corrosion
protection layers for turbine blades in wind power
plants to enhance efficiency by providing self-
cleaning surfaces of wind turbine (Ahamdi et al.,
2019; Sharma et al., 2018). Nanotechnology also
make wind blades lighter in weight which enable
the turbine blades to move even at slightest wind
(Agboola et al., 2022). Nano-coatings prevents the
corrosion of blades and also enhance the shelf life of
the Photovoltaic grids (Abdelsalam et al., 2014).
Nano coatings of black colour enhance the solar
radiation absorption capacity of the panels. Hence
nanotechnology has wide utilizations in renewable
energy sector and can be the major focus for
mitigation to climate change.

Nano-batteries

Nanobatteries are fabricated batteries employing
nanotechnology at the nanoscale, particle that
measure less than 100nm (Singh et al., 2017). Nano-
batteries are very advantageous compare to
conventional batteries in various ways. Nanoparticles
in the battery decrease the amount of strain and
reduce the volume expansion (Szczec et al., 2011).
Due to increased surface area of the battery, lithium
diffusion rate is very high compared to conventional
batteries (Lee et al., 2011). Reversible capacity of
the battery is very fast and the battery can undergo
many cycles without losing charge in case of sodium
ion batteries (Nithya et al., 2015).Increasing the
available power from the battery, decreases the time
required to recharge the battery hence electric
vehicles with fast charging capacity can be achieved
(Li et al., 2017).Nano-coatings in the batteries also
separates the electrodes from the any liquids when
battery was not in use causes high level discharge

Fig. 3. Transforming ambient CO2 into batteries through solar thermal electrochemical process (Stuart Licht et
al., 2016)
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because of less interaction between electrode and
liquid hence increase the shelf life of the battery
(Weng et al., 2022). Another important thing about
nanobatteries is nowadays it is used to transform the
carbon dioxide emitted from the industrial
smokestack directly into the anode of the battery.
Carbon dioxide from the industry smokestack is
separated into carbon and oxygen by using STEP
process (Solar Thermal Electrochemical Process).
This carbon is used to make anode of the batteries
which contributes to 40% of the battery making itself
by using emitted carbon dioxide (Mallakpore et al.,
2021). Graphite electrode used in lithium ion
batteries that power electric automobiles can be
replaced with carbon material recovered from
atmosphere. Carbon nanotubes produced from
ambient carbon dioxide for environmentally
sustainable lithium ion battery anodes (Piatek et al.,
2021).

Nanotech fuel cell

Fuel cell is a device that converts fuel directly
into electricity through electrochemical reaction. In
fuel cells hydrogen is most commonly used fuel,
which is very costly and also difficult to produce
and store. By applying nanotechnology hydrogen
trapping and storing is very easy and efficient.
Carbon nanotubes make this easier by absorbing and
transporting hydrogen very easily (Hussein et al.,
2015). One of the electrodes in the fuel cell is made
up of platinum which is very costly which makes
the use of fuel cell limited. By applying
nanotechnology instead of just using platinum, nano
composites with platinum or carbon nanotubes alone
are used which reduce the cost of the fuel cell (Dicks
et al., 2006). Nano-coatings in the fuel cell also
increase the shelf life of the nano-tech fuel cell
(Aithal et al., 2016).

Nanotech sensors

Sensors are mainly used to detect the issues
ahead of time. They are self-sensing and self-
monitoring. Nano sensors do not need any wire
connection and also cost effective way to know
various parameters of climate and weather ahead of
the time (Wilson et al., 2004). Nano-sensors are
mainly used to detect pollution and they have

selectivity towards micro and nano pollutants
(Hairom et al., 2021). Some engineered sensors also
used in waste water treatment to detect pollutants
and remediation (Murshid et al., 2021). Nano sensors
also reduce the millions of tons of chemical which
are dumped into the soil in the name of fertilizers
and thereby reduce the amount of emissions from
the soil (Thakur et al., 2022). Due to their self-
diagnostic capacity sensors can be integrated with
the precision agriculture too. So that unsustainable
exploitation of water, soil and nutrients can be
minimized and this directly results in lowering the
emission of greenhouse gases and adapting to climate
change.

Concerns of nanotechnology

There are concerns regarding the bioavailability,
safety, reactivity and toxicity of the released NPs.
Researchers are also speculating on the working
mechanisms of different approaches of
nanotechnology. Sometimes NPs especially in the
NFs results in compartmentalization of nutrients i.e.
accumulation of NPs in the lower tissues of stomata
which affects stomatal conductance, photosynthetic
rate and transpiration (Cruz et al., 2019). Many NPs
also affects the soil microbiota and enzymatic
reactions occurring in the soil for example silver NPs
(Javed et al., 2019). There is also concern regarding
toxicological effects on human health and natural
ecosystem with respect to nano pesticides. Apart from
human health and environment concerns against the
use of the nanotechnology, its other acute and chronic
effects on biotic and abiotic environment are vague
and need more research.

Conclusion

Nanotechnology applications can mitigate
greenhouse gas emissions and enable adaptation to
climate change. From agriculture to industrial
production, nanotechnology can play a very
important role in mitigating carbon dioxide
equivalent emissions. The main climate change driver
CO2 can be successfully controlled by converting it
into biofuels, CO and biogas. Engine efficiency, fuel
purification, emission filtration, light weight vehicles
and aircraft all will together help us to curb carbon
emissions. Research in the area of nanotechnology
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needs to be improved and proper infrastructure and
production incentives to industries and government
institutes is needed. Awareness should be created
regarding nanotechnology applications in the climate
and environment related fields. Financial assistance
for the startups that are taking interest in the field of
climate change mitigation through the use of
nanotechnology should be provided. Sustainability
of synthesis and manufacturing of nano materials or
particles should also be taken into considerations, as
nanotechnological procedures should not involve
enhancing the emissions rather than curbing them.
The implications of long-term use of nano materials
on environment and organisms still needs to be
studied in greater detail.

References

Abdelsalam, E., Samer, M., Attia, Y.A., Abdel-Hadi,
M.A., Hassan, H.E. and Badr, Y. 2017. Effects of
Co and Ni nanoparticles on biogas and methane
production from anaerobic digestion of slurry.
Energy Conversion and Management 141: 108-
119.

Abdelsalam, H.A. and Abdelaziz, A.Y. 2014. Future of
smart grid with the development in nano-
technology: An overview. In 16th International
Middle-East Power Systems Conference-
MEPCON.

Adopted, I.P.C.C. 2014. Climate change 2014 synthesis
report. IPCC: Geneva, Szwitzerland.

Agboola, O., Ayeni, A.O., Fayomi, O.S.I., Oladokun,
O., Ayoola, A.A., Babatunde, E.D., ... and Sadiku,
E.R. 2022. A Short Overview on the Role of
Nanotechnology in Different Sectors of Energy
System. Advanced Manufacturing in Biological,
Petroleum, and Nanotechnology Processing, 99-
115.

Agbulut, Ü., Elibol, E., Demirci, T., Sarýdemir, S.,
Gürel, A.E., Rajak, U., ... and Verma, T.N. 2022.
Synthesis of graphene oxide nanoparticles and
the influences of their usage as fuel additives on
CI engine behaviors. Energy 244: 122603.

Ahmadi, M.H., Ghazvini, M., Alhuyi Nazari, M.,
Ahmadi, M.A., Pourfayaz, F., Lorenzini, G. and
Ming, T. 2019. Renewable energy harvesting with
the application of nanotechnology: A review.
International Journal of Energy Research 43(4):
1387-1410.

Aithal, P.S. and Aithal, S. 2016. Nanotechnological
innovations & business environment for Indian
automobile sector: a futuristic approach.
International Journal of Scientific Research and
Modern Education (IJSRME) 1(1): 296-30.

Ajithkumar, K., Kumar, Y., Savitha, A.S., Ajayakumar,
M.Y., Narayanaswamy, C., Raliya, R., ... and
Bhat, S.N. 2021. Effect of IFFCO nanofertilizer
on growth, grain yield and managing turcicum
leaf blight disease in maize. International Journal
of Plant & Soil Science 33(16): 19-28.

Arya, I., Poona, A., Dikshit, P.K., Pandit, S., Kumar, J.,
Singh, H.N., ... and Kumar, S. 2021. Current
trends and future prospects of nanotechnology in
biofuel production. Catalysts, 11(11): 1308.

Ashley, M., Magiera, C., Ramidi, P., Blackburn, G.,
Scott, T.G., Gupta, R., ... and Biswas, A. 2012.
Nanomaterials and processes for carbon capture
and conversion into useful by products for a
sustainable energy future. Greenhouse Gases:
Science and Technology 2(6): 419-444.

Astaneh, N., Bazrafshan, F., Zare, M., Amiri, B. and
Bahrani, A. 2021. Nano-fertilizer prevents
environmental pollution and improves physio-
logical traits of wheat grown under drought stress
conditions. Scientia Agropecuaria 12(1): 41-47.

Baetens, R., Jelle, B.P. and Gustavsen, A. 2011.
Aerogel insulation for building applications: A
state-of-the-art review. Energy and Buildings
43(4): 761-769.

Bergeson, L.L. 2010. Nanosilver: US EPA’s pesticide
office considers how best to proceed.
Environmental Quality Management 19(3): 79-
85.

Bhatia, A., Pathak, H., Aggarwal, P.K. and Jain, N.,
2010. Trade-off between productivity
enhancement and global warming potential of
rice and wheat in India. Nutrient Cycling in
Agroecosystems 86: 413-424.

Centi, G. and Perathoner, S. 2011. Creating and
mastering nano-objects to design advanced
catalytic materials. Coordination Chemistry
Reviews 255(13-14): 1480-1498.

Chausali, N., Saxena, J. and Prasad, R. 2023.
Nanotechnology as a sustainable approach for
combating the environmental effects of climate
change. Journal of Agriculture and Food
Research 12: 100541.



10 Journal of Agricultural Physics [Vol. 23

Chitkara, M., Tewari, A., Kumar, A. and Dhillon, G.
2022. Achieving the sustainable development
goals in agriculture using nano fertilizer in cereal
based system. Materials Today: Proceedings 71:
383-388.

Christian, F., Adityawarman, D. and Indarto, A. 2013.
Application of nanotechnologies in the energy
sector: A brief and short review. Frontiers in
Energy 7(1): 6-18.

Cossutta, M., Vretenar, V., Centeno, T.A., Kotrusz, P.,
McKechnie, J. and Pickering, S.J. 2020. A
comparative life cycle assessment of graphene
and activated carbon in a supercapacitor
application. Journal of Cleaner Production 242:
118468.

da Cruz, T.N., Savassa, S.M., Montanha, G.S., Ishida,
J.K., de Almeida, E., Tsai, S.M., ... and Pereira de
Carvalho, H.W. 2019. A new glance on root-to-
shoot in vivo zinc transport and time-dependent
physiological effects of ZnSO4 and ZnO
nanoparticles on plants. Scientific Reports 9(1):
10416.

Dar, R.A., Bala, S. and Phutela, U.G. 2021.
Advancement in Biogas Technology for
Sustainable Energy Production. Biomolecular
Engineering Solutions for Renewable Specialty
Chemicals: Microorganisms, Products, and
Processes, 359-385.

de Souza, F. M., Choi, J., Ingsel, T. and Gupta, R.K.
2022. High-performance polyurethanes foams for
automobile industry. In Nanotechnology in the
Automotive Industry (pp. 105-129). Elsevier.

Dicks, A.L. 2006. The role of carbon in fuel
cells. Journal of Power Sources 156(2): 128-141.

Ditta, A. 2012. How helpful is nanotechnology in
agriculture?. Advances in Natural Sciences:
Nanoscience and Nanotechnology 3(3): 033002.

Elnozahy, A., Abd-Elbary, H. and Abo-Elyousr, F.K.
2022. Efficient energy harvesting from PV Panel
with reinforced hydrophilic nano-materials for
eco-buildings. Energy and Built Environment.

Faisal, S., Yusuf Hafeez, F., Zafar, Y., Majeed, S.,
Leng, X., Zhao, S., ... and Li, X. 2018. A review
on nanoparticles as boon for biogas producers—
nano fuels and biosensing monitoring. Applied
Sciences 9(1): 59.

FAO. 2014. Agriculture, Forestry and Other Land Use
Emissions by Sources and Removals by Sinks
(PDF). (89 pp, 3.5 MB) Climate, Energy and
Tenure Division, FAO.

Guha, T., Gopal, G., Mukherjee, A. and Kundu, R.
2022. Fe3O4-urea nanocomposites as a novel
nitrogen fertilizer for improving nutrient
utilization efficiency and reducing environmental
pollution. Environmental Pollution 292: 118301.

Guo, H., White, J.C., Wang, Z. and Xing, B. 2018.
Nano-enabled fertilizers to control the release
and use efficiency of nutrients. Current Opinion
in Environmental Science & Health 6: 77-83.

Hairom, N.H.H., Soon, C.F., Mohamed, R.M.S.R.,
Morsin, M., Zainal, N., Nayan, N., ... and Harun,
N.H. 2021. A review of nanotechnological
applications to detect and control surface water
pollution. Environmental Technology &
Innovation 24: 102032.

Hoang, A.T., Le, M.X., Ni•etic, S., Huang, Z., Agbulut,
Ü., Veza, I., ... and Nguyen, X.P. 2022.
Understanding behaviors of compression ignition
engine running on metal nanoparticle additives-
included fuels: A control comparison between
biodiesel and diesel fuel. Fuel 326: 124981.

Hong, J., Wang, C., Wagner, D.C., Gardea-Torresdey,
J.L., He, F. and Rico, C.M. 2021. Foliar
application of nanoparticles: mechanisms of
absorption, transfer, and multiple impacts.
Environmental Science: Nano 8(5): 1196-1210.

Huntley, K., Kissick, M. Belkacemi, J. Malley, (eds.).
Cambridge University Press, Cambridge, UK and
New York, NY, USA, 755 pp. https://doi.org/
10.1017/9781009157964

Hussein, A.K. 2015. Applications of nanotechnology
in renewable energies—A comprehensive
overview and understanding. Renewable and
Sustainable Energy Reviews 42: 460-476.

Hussein, H. 2023. The state of the art of nanomaterials
and its applications in energy saving. Bulletin of
the National Research Centre 47(1): 1-22.

Ibrahim, R.K., Hayyan, M., AlSaadi, M.A., Hayyan, A.
and Ibrahim, S. 2016. Environmental application
of nanotechnology: air, soil, and water.
Environmental Science and Pollution Research
23(14): 13754-13788.



2023] Nanotechnological Interventions for Climate Change Mitigation 11

IPCC. 2019. Climate Change and Land: an IPCC special
report on climate change, desertification, land
degradation, sustainable land management, food
security, and greenhouse gas fluxes in terrestrial
ecosystems [P.R. Shukla, J. Skea, E. Calvo Buendia,
V. Masson-Delmotte, H.-O. Pörtner, D. C. Roberts,
P. Zhai, R. Slade, S. Connors, R. van Diemen, M.
Ferrat, E. Haughey, S. Luz, S. Neogi, M. Pathak,
J. Petzold, J. Portugal Pereira, P. Vyas, E.

IPCC. 2021. Climate change 2021: The Physical
Science Basis. Contribution of working group I
to the sixth assessment report of
intergovernmental panel on climate change.
Cambridge university press, Cambridge, United
Kingdom and New York, USA.

Jakhar, A.M., Aziz, I., Kaleri, A.R., Hasnain, M.,
Haider, G., Ma, J. and Abideen, Z. 2022. Nano-
fertilizers: A sustainable technology for
improving crop nutrition and food security.
NanoImpact 100411.

Javed, Z., Dashora, K., Mishra, M., Fasake, V.D. and
Srivastva, A. 2019. Effect of accumulation of
nanoparticles in soil health-a concern on
future. Front. Nanosci. Nanotechnol 5(2): 1.

Jiricková, A., Jankovský, O., Sofer, Z., & Sedmidubský,
D. 2022. Synthesis and applications of graphene
oxide. Materials 15(3): 920.

Jyothi, T.V. and Hebsur, N.S. 2017. Effect of
nanofertilizers on growth and yield of selected
cereals-A review. Agricultural Reviews 38(2):
112-120.

Kawajiri, K., Kobayashi, M. and Sakamoto, K. 2020.
Lightweight materials equal lightweight
greenhouse gas emissions?: A historical analysis
of greenhouse gases of vehicle material
substitution. Journal of Cleaner Production 253,
119805.

Kirti, S., Manjaiah, K.M., Datta, S.C., Biswas, D.R.,
Bhatia, A., Bandyopadhyay, K.K. and Tomer, R.
2021. Mitigating nitrous oxide emission using
nanoclay-polymer composites in rice-wheat
cropping system. Archives of Agronomy and Soil
Science 67(4): 459-473.

Kiziltas, A., Liu, W., Tamrakar, S. and Mielewski, D.
2021. Graphene nanoplatelet reinforcement for
thermal and mechanical properties enhancement
of bio-based polyamide 6, 10 nanocomposites for
automotive applications. Composites Part C:
Open Access 6: 100177.

Kolencík, M., Ernst, D., Komár, M., Urík, M., Šebesta,
M., Dobrocka, E., ... and Kratošová, G. 2019.
Effect of foliar spray application of zinc oxide
nanoparticles on quantitative, nutritional, and
physiological parameters of foxtail millet (Setaria
italica L.) under field conditions. Nanomaterials
9(11): 1559.

Kumar, A., Singh, K., Verma, P., Singh, O., Panwar,
A., Singh, T., ... and Raliya, R. 2022. Effect of
nitrogen and zinc nanofertilizer with the organic
farming practices on cereal and oil seed
crops. Scientific Reports 12(1): 6938.

Kundu, S., Tapan, A., Vassanda Coumar, M.,
Rajendiran, S. and Mohanty, S.R. 2016.
Reduction in nitrous oxide emission from nano
zinc oxide and nano rock phosphate coated
urea. AGROCHIMICA 60(2), 59-70.

Lee, J.S., Tai Kim, S., Cao, R., Choi, N.S., Liu, M.,
Lee, K.T. and Cho, J. 2011. Metal–air batteries
with high energy density: Li–air versus Zn–
air. Advanced Energy Materials 1(1): 34-50.

Li, Y., Yang, J. nd Song, J. 2017. Nano energy system
model and nanoscale effect of graphene battery
in renewable energy electric vehicle. Renewable
and Sustainable Energy Reviews 69: 652-663.

Lv, J., Wang, S. and Meng, B. 2022. The effects of
nano-additives added to diesel-biodiesel fuel
nlends on combustion and emission
characteristics of diesel engine: A review.
Energies 15(3): 1032.

Mallakpour, S., Hussain, C.M. and Kaushik, S. 2021.
Nanoproducts: Biomedical, Environmental, and
Energy Applications. Handbook of Consumer
Nanoproducts, 1-26.

Mandal, P., Debbarma, J. and Saha, M. 2021. A review
on the emergence of graphene in photovoltaics
industry. Biointerface Res. Appl. Chem. 11:
15009-15036.

Mehndiratta, P., Jain, A., Srivastava, S. and Gupta, N.
2013. Environmental pollution and nano-
technology. Environment and Pollution 2(2): 49.

Milani, N., McLaughlin, M.J., Stacey, S.P., Kirby, J.K.,
Hettiarachchi, G.M., Beak, D.G. and Cornelis, G.
2012. Dissolution kinetics of macronutrient
fertilizers coated with manufactured zinc oxide
nanoparticles. Journal of Agricultural and Food
Chemistry 60(16): 3991-3998.



12 Journal of Agricultural Physics [Vol. 23

Mirzajanzadeh, M., Tabatabaei, M., Ardjmand, M.,
Rashidi, A., Ghobadian, B., Barkhi, M. and
Pazouki, M. 2015. A novel soluble nano-catalysts
in diesel–biodiesel fuel blends to improve diesel
engines performance and reduce exhaust
emissions. Fuel 139: 374-382.

Mukhopadhyay, S.S. 2014. Nanotechnology in
agriculture: prospects and constraints.
Nanotechnology, Science and Applications 63-
71.

Muñoz-Márquez, E., Soto-Parra, J.M., Noperi-
Mosqueda, L.C. and Sánchez, E. 2022.
Application of molybdenum nanofertilizer on the
nitrogen use efficiency, growth and yield in green
beans. Agronomy 12(12): 3163.

Murphy, K. 2008. Nanotechnology: agriculture’s next
industrial revolution. Financial Partner, Yankee
Farm Credit, ACA, Williston, 3-5.

Murshid, S., Gopinath, K.P. and Prakash, D.G. 2021.
Current nanotechnology based solutions for
sustainable wastewater treatment. Current
Analytical Chemistry 17(2): 166-184.

Nagargade, M., Tyagi, V., Kumar, D., Shukla, S.K. and
Pathak, A.D. 2022. Nanofertilizers: Importance
in Nutrient Management. In Nanotechnology in
Agriculture and Environmental Science (pp. 69-
80). CRC Press.

Nanowerk newsletter. www.nanowerk.com/
nanotechnology-news2/newsid=53492.php

National Nanotechnology Initiative. 2000. National
Science and Technology Council. Committee on
Technology/Subcommittee on Nanoscale Science,
Engineering and Technology, USA, 10.

Nithya, C. and Gopukumar, S. 2015. Sodium ion
batteries: a newer electrochemical storage. Wiley
interdisciplinary Reviews: Energy and
Environment 4(3): 253-278.

Norhafana, M., Noor, M.M., Hairuddin, A.A.,
Harikrishnan, S., Kadirgama, K. and Ramasamy,
D. 2020. The effects of nano-additives on exhaust
emissions and toxicity on mankind. Materials
Today: Proceedings 22: 1181-1185.

Okoye-Chine, C.G., Otun, K., Shiba, N., Rashama, C.,
Ugwu, S.N., Onyeaka, H. and Okeke, C.T. 2022.
Conversion of carbon dioxide into fuels—A
review. Journal of CO2 Utilization 62: 102099.

Olafusi, O.S., Sadiku, E.R., Snyman, J., Ndambuki, J.
M. and Kupolati, W.K. 2019. Application of
nanotechnology in concrete and supplementary
cementitious materials: A review for sustainable
construction. SN Applied Sciences 1: 1-8.

Omeiza, L.A., Abdalla, A.M., Wei, B., Dhanasekaran,
A., Subramanian, Y., Afroze, S., ... and Azad, A.
K. 2023. Nanostructured Electrocatalysts for
Advanced Applications in Fuel Cells. Energies
16(4): 1876.

Pathak, S., Saha, G.C., Abdul Hadi, M.B. and Jain,
N.K. 2021. Engineered nanomaterials for aviation
industry in COVID-19 context: A time-sensitive
review. Coatings 11(4): 382.

Pathak, H., Bhatia, A. and Jain, N. 2014. Greenhouse
gas emission from Indian agriculture: trends,
mitigation and policy needs. Indian Agricultural
Research Institute, New Delhi, 39.

Piatek, Jêdrzej, Semih Afyon, Tetyana M. Budnyak,
Serhiy Budnyk, Mika H. Sipponen and Adam
Slabon. 2021. Sustainable Li Ion Batteries:
Chemistry and Recycling. Advanced Energy
Materials 11(43): 2003456.

Prasad, R., Bhattacharyya, A. and Nguyen, Q.D. 2017.
Nanotechnology in sustainable agriculture: recent
developments, challenges, and perspectives.
Frontiers in Microbiology 8: 1014.

Rai, M., dos Santos, J.C., Soler, M.F., Marcelino, P.R.
F., Brumano, L.P., Ingle, A.P., ... and da Silva,
S.S. 2016. Strategic role of nanotechnology for
production of bioethanol and biodiesel.
Nanotechnology Reviews 5(2): 231-250.

Raimondi, G., Maucieri, C., Toffanin, A., Renella, G.
and Borin, M. 2021. Smart fertilizers: What
should we mean and where should we go?. Italian
Journal of Agronomy 16(2).

Rana, M.S., Bhushan, S. and Prajapati, S.K. 2020. New
insights on improved growth and biogas
production potential of Chlorella pyrenoidosa
through intermittent iron oxide nanoparticle
supplementation. Scientific Reports 10(1): 14119.

Sancheti, S.V. and Yadav, G.D. 2022. Synthesis of
environment friendly, sustainable, and nontoxic
bio lubricants: A critical review of advances and
a path forward. Biofuels, Bioproducts and
Biorefining 16(5): 1172-1195.



2023] Nanotechnological Interventions for Climate Change Mitigation 13

Saurabh, K., Kanchikeri Math, M., Datta, S.C.,
Thekkumpurath, A.S. and Kumar, R. 2019.
Nanoclay polymer composites loaded with urea
and nitrification inhibitors for controlling
nitrification in soil. Archives of Agronomy and
Soil Science 65(4): 478-491.

Shafique, M. and Luo, X. 2019. Nanotechnology in
transportation vehicles: An overview of its
applications, environmental, health and safety
concerns. Materials 12(15): 2493.

Shamsaei, E., de Souza, F.B., Yao, X., Benhelal, E.,
Akbari, A. and Duan, W. 2018. Graphene-based
nanosheets for stronger and more durable
concrete: A review. Construction and Building
Materials 183: 642-660.

Sharma, B., Shrivastava, M., Afonso, L.O., Soni, U.
and Cahill, D.M. 2022. Metal doped nitrogenous
hydroxyapatite nanohybrids slowly release
nitrogen to crops and mitigate ammonia
volatilization: An impact assessment.
NanoImpact 28: 100424.

Sharma, K., Park, Y.K., Nadda, A.K., Banerjee, P.,
Singh, P., Raizada, P., ... and Lam, S.S. 2022.
Emerging chemo-biocatalytic routes for
valorization of major greenhouse gases (GHG)
into industrial products: A comprehensive review.
Journal of Industrial and Engineering Chemistry.

Sharma, V.P., Sharma, U., Chattopadhyay, M. and
Shukla, V.N. 2018. Advance applications of
nanomaterials: a review. Materials Today:
Proceedings 5(2): 6376-6380.

Singh, A. 2017. Green Nanotechnology: An Approach
Toward Environment Safety. In Applied
Chemistry and Chemical Engineering (pp. 245-
252). Apple Academic Press.

Skarmoutsos, I., Koukaras, E.N. and Klontzas, E. 2022.
A computational study on phenyldiboronic acid-
pillared graphene oxide frameworks for gas
storage and separation. ACS Applied Nano
Materials 5(7): 9286-9297.

Song, W.L., Veca, L.M., Anderson, A., Cao, M.S.,
Cao, L. and Sun, Y.P. 2012. Light-weight
nanocomposite materials with enhanced thermal
transport properties. Nanotechnology Reviews
1(4); 363-376.

Stuart Licht et al. 2016. Carbon Nanotubes Produced
from Ambient Carbon Dioxide for Environ-
mentally Sustainable Lithium-Ion and Sodium-

Ion Battery Anodes, ACS Central Science. DOI:
10.1021/acscentsci.5b00400

Subadra, S.P., Yousef, S., Griskevicius, P. and
Makarevicius, V. 2020. High-performance
fiberglass/epoxy reinforced by functionalized
CNTs for vehicle applications with less fuel
consumption and greenhouse gas emissions.
Polymer Testing 86: 106480.

Sun, M., Zhao, C., Shang, H., Hao, Y., Han, L., Qian,
K., ... and Xing, B. 2023. ZnO quantum dots
outperform nanoscale and bulk particles for
enhancing tomato (Solanum lycopersicum)
growth and nutritional values. Science of The
Total Environment 857: 159330.

Szczech, J.R. and Jin, S. 2011. Nanostructured silicon
for high capacity lithium battery anodes. Energy
and Environmental Science 4(1): 56-72.

Thakur, R.K., Prasad, P., Savadi, S., Bhardwaj, S.C.,
Gangwar, O.P. and Kumar, S. 2022.
Nanotechnology for agricultural and
environmental sustainability.  Survival Strategies
in Cold-adapted Microorganisms, 413-424.

Tubiello, F.N., Karl, K., Flammini, A., Gütschow, J.,
Conchedda, G., Pan, X., ... and Torero, M. 2022.
Pre-and post-production processes increasingly
dominate greenhouse gas emissions from agri-
food systems. Earth System Science Data 14(4):
1795-1809.

Vasantha, V.L., Sharvari, S., Alfia, N.S. and Praveen,
N. 2021. Application of nanotechnology toward
improved production of sustainable bioenergy.
In Nanomaterials (pp. 445-479). Academic Press.

Verma, K.K., Song, X.P., Joshi, A., Tian, D.D., Rajput,
V.D., Singh, M., ... and Li, Y.R. 2022. Recent
trends in nano-fertilizers for sustainable
agriculture under climate change for global food
security. Nanomaterials 12(1): 173.

Virmani, K., Deepak, C., Sharma, S., Chadha, U. and
Selvaraj, S.K. 2021. Nanomaterials for
automotive outer panel components: a review.
The European Physical Journal Plus 136(9):
921.

Weng, J., Huang, Q., Li, X., Zhang, G., Ouyang, D.,
Chen, M., ... and Yang, X. 2022. Safety issue on
PCM-based battery thermal management:
Material thermal stability and system hazard
mitigation. Energy Storage Materials.



14 Journal of Agricultural Physics [Vol. 23

Wilson, J.S. 2004. Sensor technology handbook.
Elsevier.

Wu, L., Liu, Q., Tang, N., Wang, X., Gao, L., Wang,
Q., ... and Hu, L. 2022. Development of two-
dimensional nano Mts/SA phase change materials
for self-adjusting temperature of pavement.
Construction and Building Materials 349:
128753.

Zaidi, A.A., RuiZhe, F., Shi, Y., Khan, S.Z. and
Mushtaq, K. 2018. Nanoparticles augmentation
on biogas yield from microalgal biomass
anaerobic digestion. International Journal of
Hydrogen Energy 43(31): 14202-14213.

Zhang, F., Wang, X., Liu, H., Liu, C., Wan, Y., Long,

Y. and Cai, Z. 2019. Recent advances and
applications of semiconductor photocatalytic
technology. Applied Sciences 9(12): 2489.

Zhu, J., Li, J., Shen, Y., Liu, S., Zeng, N., Zhan, X., ...
and Xing, B. 2020. Mechanism of zinc oxide
nanoparticle entry into wheat seedling
leaves. Environmental Science: Nano 7(12):
3901-3913.

Zhu, Q., Chua, M.H., Ong, P.J., Lee, J.J.C., Chin, K.L.
O., Wang, S., ... and Loh, X.J. 2022. Recent
advances in nanotechnology-based functional
coatings for the built environment. Materials
Today Advances 15: 100270.

Received: January 24, 2023; Accepted: May 27, 2023


