
Nanoscale
Advances

REVIEW

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

9 
 2

02
5.

 D
ow

nl
oa

de
d 

on
 2

4.
02

.2
6 

3:
39

:3
1.

 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
A comprehensive
aCenter for Environmental Science, College

Addis Ababa University, P. O. Box 1176, A

setarge@aau.edu.et
bBio and Emerging Technology Institute, Nan

Addis Ababa, Ethiopia. E-mail: wondima200
cComputational Data Science, College of Na

Ababa University, P. O. Box 1176, Addis Ab
dSustainable Energy Center of Excellence,

University, Addis Ababa, Ethiopia

Cite this:Nanoscale Adv., 2025, 7, 2131

Received 30th December 2024
Accepted 31st January 2025

DOI: 10.1039/d4na01068j

rsc.li/nanoscale-advances

© 2025 The Author(s). Published by
review on nano-fertilizers:
preparation, development, utilization, and
prospects for sustainable agriculture in Ethiopia

Eyasu Derbew Demeke,a Natei Ermias Benti, c Mintesnot Gizaw Terefe,d
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With their many benefits including better crop yield and nutrient delivery, nano fertilizers are a promising

option in the agriculture sector. The production and formulation of nanoparticles with regulated size,

shape, and content are required to prepare nano fertilizers. Metals, metal oxides, and polymers are

among the materials from which nanoparticles are made using chemical and physical processes.

Subsequently, these nanoparticles are mixed into fertilizers to enhance plant absorption and availability

of nutrients. Nano-fertilizers have several benefits, including efficient nutrient absorption, reduced

nutrient losses, minimized environmental pollution, optimized resource utilization, and controlled release

of nutrients for sustained plant nourishment. Studies have demonstrated that by boosting nutrient

availability, encouraging root development, and strengthening stress tolerance, nano fertilizers can

greatly enhance crop yields. Moreover, it has been discovered that they increase microbial activity and

soil fertility, which improves soil health and long-term sustainability. Nano-fertilizers can be applied in

different ways, like foliar spraying, seed coating, soil integration, or irrigation systems. They are beneficial

in precision agriculture for better nutrient management, soil restoration, and addressing nutrient

deficiencies. Furthermore, they potentially lessen the negative environmental effects of traditional

fertilization methods. Nevertheless, there are still several issues that need to be resolved before nano

fertilizers may be commercialized and widely used. Regulatory frameworks, environmental destiny,

potential toxicity of nanoparticles, and cost-effectiveness are some of these challenges. The purpose of

this review is to provide readers with a comprehensive understanding of the benefits of nano fertilizers. It

will cover topics such as their preparation and characterization, potential side effects, and a diverse

range of applications. Additionally, it will present an overview of the importation of chemical fertilizers

and explore the prospects of utilizing fertilizers in the Ethiopian context.
1. Introduction

Agriculture is the cornerstone of Ethiopia's economy,
accounting for a substantial portion of its GDP and serving as
the primary livelihood for a majority of its population (Fig. 1).
Smallholder farms, typically less than two hectares in size and
operated by family members, are the dominant form of agri-
culture in Ethiopia. These farms produce over 95% of the
country's main crops, including cereals, pulses, oilseeds,
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vegetables, and fruits.1–3 However, smallholder farmers face
various challenges that hinder increased agricultural output,
such as limited access to quality inputs like seeds and fertil-
izers, land degradation, economic constraints, and a heavy
reliance on rainfall.

As the global population continues to grow, the need to
enhance agricultural productivity while minimizing environ-
mental impact is becoming increasingly critical.4 Conventional
fertilizers, though widely used to boost crop yields, have
signicant drawbacks. Excessive application can lead to heavy
metal contamination of soil and water, posing serious risks to
human health and causing environmental damage like soil
erosion and eutrophication.5–7 In this context, nano-fertilizers
have emerged as a promising alternative with the potential to
revolutionize agricultural practices. Nano-fertilizers utilize
nanomaterials for enhanced nutrient delivery and uptake,
offering several advantages over conventional fertilizers. These
include increased nutrient use efficiency, reduced nutrient loss,
Nanoscale Adv., 2025, 7, 2131–2144 | 2131
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Fig. 1 Distribution of economic sectors in Ethiopia's GDP from 2012 to 2022.
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minimized environmental pollution, and controlled release of
nutrients for sustained plant nourishment.

This review provides a comprehensive overview of nano-
fertilizers, encompassing their preparation, characterization,
benets, and diverse applications. It also explores the potential
of nano-fertilizers to address the specic challenges faced by
Ethiopian agriculture and contribute to sustainable farming
practices in the country.

Nanomaterials are particles and materials that are handled
at a nanoscale range of 1–100 nm. The unique characteristics of
nanomaterials when paired with native and conventional
methods could lead to a variety of innovative uses in a range of
scientic elds, including agriculture, which needs creative
approaches to guarantee global food security.8 The idea of using
nanotechnology in agriculture is not new; several reports that
Fig. 2 Research and publication trends in nano fertilizer studies (2014–

2132 | Nanoscale Adv., 2025, 7, 2131–2144
were published by the Department of Agriculture in the USA,
nano-forum, and others have emphasized nanotechnology-
based research and application in the agricultural sector.9

Moreover, controlled release of pesticides, monitoring soil
health, and plant nutrition are among the other uses of nano-
structured systems in agriculture. This approach is a compo-
nent of the rapidly developing eld of precision agriculture,
which works in combination with sustainable agriculture to
lower energy consumption and waste production. In precision
agriculture, farmers employ technology to make optimal use of
inputs like water, fertilizer, and other resources.10,11 Further-
more, enhancing crop quality and yield also heavily depends on
the fertility and quality of the soil.12 Encapsulated or coated in
nanomaterial, nano-fertilizers allow for regulated release of
nutrients and their gradual diffusion into the soil. Long-term
2023).

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Publications on nano-fertilizers in the last decade

Year Publications Citations Article Chapter Book Preprint Proceeding Monograph

2014 22 29 18 3 1 0 0 0
2015 33 91 27 3 1 1 1 0
2016 72 303 49 13 9 0 1 0
2017 113 612 76 20 14 0 1 2
2018 170 1211 117 33 18 0 1 1
2019 324 2677 204 80 34 2 1 3
2020 427 4626 276 103 41 3 3 1
2021 831 10 174 565 181 59 22 3 1
2022 1175 17 889 807 252 72 28 11 5
2023 1272 22 870 932 227 74 29 7 3
Total 4439 60 482 3071 915 323 85 29 16
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improvement of the soil's fertility and nutrient quality as well as
increased crop productivity can be achieved by using nanoscale
fertilizers to minimize nutrient loss through leaching and run-
off and to slow down the nutrients' rapid degradation and
volatility.13 Furthermore, nano-fertilizers have a high surface
area to volume ratio and a high penetration ability, which
makes them a viable substitute for chemical fertilizers. Addi-
tionally, using nano-fertilizers can signicantly lessen envi-
ronmental hazards. According to a number of studies, nano-
fertilizers can increase crop output by encouraging stress
tolerance, nitrogen metabolism, photosynthesis, protein and
carbohydrate synthesis, and seed germination.13
Fig. 3 Improving progress of publications toward sustainable developm

© 2025 The Author(s). Published by the Royal Society of Chemistry
The literature indicates that throughout the past decade,
there have been notable advancements in the creation of nano-
fertilizers for use in agriculture (Fig. 2). As of October 2023, 4439
publications have been published on the topics of “agriculture”
and “Nano-fertilizers,” according to the Web of Science data-
base (Table 1). The exponential growth of research and publi-
cation efforts demonstrates that nano-fertilizers are the
fertilizers of the future, ruling modern agriculture and offering
strategic possibilities for future fertilizer development (Fig. 2).
Nano-fertilizers have drawn attention for their potential to
enhance agricultural productivity while preserving environ-
mental quality through advanced nutrient delivery methods.
ent goals (SDG).

Nanoscale Adv., 2025, 7, 2131–2144 | 2133
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Fig. 4 Graphical representation of the review.
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Additionally, it is greatly and quickly improving progress
towards the sustainable development goals (SDG) of achieving
zero hunger (Fig. 3).

Nanoparticles (NPs) are becoming increasingly used in
agriculture. This review provides a fresh and improved view-
point on the creation, application, consequences, and impli-
cations of nano fertilizers in environmental and agricultural
elds. Current research on the use of nano fertilizers, their
interactions with plants, and their consequences on humans
and animals are also covered. A graphical representation of this
review is shown in Fig. 4.
2. Preparation and development of
nano fertilizer

The preparation of nano-fertilizers has its roots in a very
interesting application of nanoparticles as ‘smart’ delivery
systems and its effect on seed germination and plant growth
rates. The development of carbon nanotubes as nano-
transporters for intact plant cells paves the way for the crea-
tion of nano-fertilizers for agricultural use.14,15

The goal of recent advancements in the synthesis and
formulation of nanoparticles for use in nano-fertilizers has
been to produce particles with controlled dimensions, shapes,
and contents. The goal of these developments is to improve
fertilizers' efficacy and efficiency in stimulating plant growth
2134 | Nanoscale Adv., 2025, 7, 2131–2144
and raising crop yields. The following are some signicant
advancements in the synthesis and composition of nano-
particles for nano fertilizers:16 (a) regulate the size and form of
the nanoparticles used in nano-fertilizers, researchers are
looking into many different approaches. The nanoparticles can
be made to interact with plants in certain ways by carefully
adjusting these characteristics, which will enhance nutrient
intake and overall plant performance.17 (b) Safeguard nano-
particles and regulate their release into the soil, encapsulation
approaches are being developed.18 This maximizes fertilizer
availability for plants andminimizes nutrient waste by enabling
a controlled and continuous delivery of nutrients.19,20 (c)
Improves a nanoparticle's characteristics and interactions with
plants, it can be functionalized with particular chemicals or
substances. For instance, adding organic molecules to nano-
particles can enhance their stability, dispersibility, and capacity
to transfer nutrients.21 (d) Scientists are investigating methods
for directing the delivery of nanoparticles to particular organs or
tissues within plants. By ensuring that the nanoparticles reach
the specied location of action, this tailored delivery technique
maximizes their effectiveness and reduces any potential envi-
ronmental effects.12 (e) Provide synergistic effects, nano fertil-
izers can be mixed with other inputs like conventional
fertilizers, bio-fertilizers, or plant growth regulators. These
combinations can boost plant growth, improve nutrient uptake,
and raise agricultural yields.22 (f) Employing biodegradable
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Recently developed nano fertilizers and their applications

Nano-fertilizers Application Reference

Nanoscale iron oxide Have been used to coat urea in nano fertilizers. This coating helps control
water nutrient loss in soil

26

Slow-release phosphorus nano fertilizers Nano-rock phosphate and nano-hydroxyapatite, have shown promising
results in supplying phosphorus to plants throughout their life cycle,
improving phosphorus utilization, and enhancing plant growth and yield

27

Ammonium sulfate nanoparticles Provide plants with a readily available source of nitrogen and sulfur.
These nutrients are essential for plant growth and development

28

Silicon dioxide nanoparticles (nSiO2) Improved canopy spread, stem diameter, plant height, and ground cover 29
Nano-porous zeolite-based nitrogen fertilizers Have been used as an alternative strategy to improve nitrogen use

efficiency in crop production systems
14

Copper nanoparticles Enhance copper availability to plants. Copper is a micronutrient required
for various plant metabolic processes

15

Zinc nanoparticles Can improve zinc uptake by plants. Zinc is an important micronutrient for
plant growth and development

16

Potassium nanoparticles Improve potassium availability to plants. Potassium is a macronutrient
required for various plant metabolic processes, higher absorption rates
and are more resistant to leaching

17

Molybdenum nanoparticles Can improve molybdenum uptake by plants. Molybdenum is an essential
micronutrient for nitrogen xation in leguminous plants

19

Boron nanoparticles To enhance boron availability to plants. Boron is a micronutrient required
for various plant physiological processes

20

Sulfur nanoparticles They can be coated onto urea or other fertilizer compounds to improve
nutrient release and reduce nutrient losses

21

Calcium nanoparticles Enhance calcium availability to plants. This can improve plant growth
and development enhancing plants' resistance to disease and pests

12 and 30

Magnesium nanoparticles To provide plants with readily availablemagnesium. Thismicronutrient is
essential for various physiological processes in plants

31
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materials or minimizing the use of potentially hazardous
compounds, researchers are also concentrating on creating
ecologically acceptable nano-fertilizers. This guarantees that
nano-fertilizers will benet plants as intended with minimal
negative impacts on the environment.23

Different researchers24,25 developed various kinds of nano
fertilizers based on availability and need, as indicated in
Table 2. By increasing nutrient use efficiency, lowering nutrient
losses in the soil, and lessening environmental effects, nano
fertilizers, which use nanomaterials to boost nutrient uptake,
have shown promise enhancing agricultural productivity. These
are a few instances of nanomaterials that are frequently found
in fertilizers and have been effectively applied to agriculture.

Nano-fertilizers are typically created by synthesizing or
modifying nanoparticles to encapsulate or carry nutrients.
These nanoparticles can be made from various materials such
as metals, metal oxides, carbon-based materials, or polymers.
The nanoparticles are oen engineered to have specic prop-
erties, such as controlled release of nutrients, increased solu-
bility, or targeted delivery to plant tissues.32 Nano-fertilizers are
designed to increase nutrient utilization efficiencies by utilizing
the unique features of nanoparticles. To create nanomaterials,
both physical (top-down) and chemical (bottom-up) techniques
are utilized, and the targeted nutrients are loaded as they are for
cationic nutrients (NH4

+, K+, Ca2+, Mg2+) and aer surface
modication for anionic nutrients (NO3

1−, PO4
2−, SO4

2−). One
of these new technologies is the encapsulation of fertilizers
© 2025 The Author(s). Published by the Royal Society of Chemistry
within a nanoparticle, which is done in three ways. The nutrient
can be stored inside nano-porous materials, coated with a thin
polymer layer, or given as nano-scale particles or emulsions.33

3. Preparation of nano fertilizer

Nutrient-containing nanoparticles are utilized in the production
of nanoscale fertilizers, offering several advantages for plant
growth. These nanoparticles can be synthesised using various
methods, including physical (top-down), chemical (bottom-up),
and biosynthesis approaches, as illustrated in Fig. 5. The use
of these nanoparticles enhances nutrient delivery and uptake,
thereby improving agricultural efficiency and sustainability.

3.1. Top-down methods

In a top-down approach, the bulk material is oen broken down
into its constituent nano-sized structures or particles. These
methods are a development of those previously employed to
create particles with a micron size. To obtain the nano dimen-
sion, this method requires substrates, such as zeolites or other
materials, that are ball-ground for several hours, and the
required nutrients are encapsulated.34

3.2. Bottom-up methods

The term “bottom-up approach” describes the process of
building material atom by atom, molecule by molecule, or
cluster by cluster from the bottom up. It indicates that NPs are
Nanoscale Adv., 2025, 7, 2131–2144 | 2135
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Fig. 5 Preparation of nano fertilizer using different methods.37
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formed by a specic chemical reaction that begins with mole-
cules in the solution and proceeds through molecule
interaction.35,36

3.3. Biosynthesis: a greener way

Green synthesis is the process of creating NPs using
straightforward, affordable, environmentally friendly, and
effective technologies. Plant extracts, fungi, yeasts, bacteria,
and algae are examples of natural sources that can be used to
biologically synthesize metal and metal oxide nanoparticles
(NPs).38

4. Benefits of nano fertilizers

Nano-fertilizers have the potential to transform nutrient
management and offer several potential advantages in agricul-
ture. The following are some of the main advantages of nano
fertilizers: enhanced nutrient uptake and enhanced nutrient
use efficiency: in agricultural systems, nano-fertilizers have
great promise for enhancing and optimizing water and nutrient
utilization efficiency.26

In contrast to traditional fertilizers, nutrients are bonded to
nano-dimensional adsorbents, which release them gradually.
Because of their nanoscale size, plant roots may absorb nutri-
ents more effectively due to their larger surface area. Increased
nutrient uptake has the potential to boost plant development,
yield, and growth. With the help of nano fertilizers, plants may
absorb nutrients more efficiently and make better use of the
resources that are available to them, which lessens the need for
over-fertilizer application and reduces wastage.39 This feature
helps promote sustainable agricultural methods and is espe-
cially helpful in areas with limited water resources. Moreover,
controlled-release characteristics of nano fertilizers can be
developed to guarantee a consistent and long-lasting supply of
nutrients to plants. Farmers can apply lesser amounts of
fertilizer and save money since this controlled-release feature
2136 | Nanoscale Adv., 2025, 7, 2131–2144
decreases nutrient loss through leaching or volatilization and
lowers the frequency of fertilizer application. Additionally, nano
fertilizers can be engineered to target particular plant tissues or
organs, such as seeds or leaves, and supply nutrients exactly
where they are required. This customized distribution method
lowers waste while increasing the effectiveness of nutrient
consumption.
4.1 Increased crop yields and customized formulations

Higher crop yields may result from nano-fertilizers' increased
nutrient utilization efficiency. Increased productivity can be
achieved by using nano-fertilizers to support optimal plant
growth and development through more efficient and targeted
nutrient delivery. With the use of nano fertilizers, nutrient
compositions can be tailored to the needs of individual crops
and soil types. Farmers can better manage nutrient imbalances
or shortages because of this exibility, which enhances crop
yield and health.40
4.2 Minimized environmental impact and possibility for
precision farming

Farmers may apply nutrients more precisely and accurately
thanks to the use of nano fertilizers, which are in line with the
principles of precision agriculture. Farmers can improve
nutrient distribution and avoid waste by focusing on certain
areas or individual plants, leading to more resource-efficient
and sustainable agricultural practices.41

Runoff and nutrient leakage into the environment can be
lessened with the use of nano-fertilizers' precise distribution
and controlled-release characteristics. This reduces the detri-
mental effects of fertilizers on ecosystems and water bodies,
which lowers eutrophication and water pollution and is good
for environmental sustainability. Furthermore, plants' efficient
uptake and use of nutrients reduces the possibility of nutrient
buildup in soil, which can be harmful to ecosystems.42
© 2025 The Author(s). Published by the Royal Society of Chemistry
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4.3 Compatibility with other agricultural inputs and stress
tolerance

Multifunctional formulations can be created by simply inte-
grating nano fertilizers with other agricultural inputs, such as
growth regulators or insecticides. This compatibility mini-
mizes the need for several applications while improving the
convenience and effectiveness of agricultural methods. Addi-
tionally, plants' ability to withstand abiotic stress may be
improved by nano-fertilizers. They can increase crop resilience
and yield by assisting plants in adjusting to harsh environ-
mental circumstances such as salt, drought, and heavy metal
stress.25
4.4 Synergy with microorganisms

To produce nano-bio fertilizers, which have extra advantages,
nano-fertilizers can be combined with microorganisms. These
nano-bio fertilizers combine the advantageous properties of
benecial microbes with nano-technology to increase nutrient
availability, encourage plant development, and improve soil
health.43 It is noteworthy that whereas nano-fertilizers present
noteworthy benets, it is imperative to meticulously evaluate
their possible drawbacks and hazards before their extensive
use. To ensure the safe and responsible use of nano-fertilizers in
agriculture, more study is required. The release of nano-
materials into the environment and the food chain may pose
concerns to human health.
5. Impact of nano-fertilizers

Sustainable agriculture could undergo a revolution with the
use of non-toxic nano-fertilizers, which can boost crop yields
while lessening their environmental impact. The possible
effects that these fertilizers may have on the environment,
human health, and society must be taken into account. The
toxicity of nano fertilizers to people and animals is one
possible worry. Certain nano-fertilizers, like nano zinc and
nano titanium dioxide, have been shown in several studies to
be harmful to aquatic life as well as human cells. To completely
comprehend the possible negative impacts of nano fertilizers
on the environment and human health, more research is
required.44,45

The possibility of environmental pollution from nano-
fertilizers is another aspect of their impact on the environ-
ment. Nano-fertilizers have the potential to contaminate soil
and water bodies if they are not properly handled. Ecosystems
and living things in the environment may suffer as a result.46

There is a chance that nano fertilizers will build up in the food
chain. If crops take up nanoparticles from nano fertilizers,
animals or people who eat these crops may also be exposed to
the nanoparticles. This prompts questions about how nano
fertilizers can affect the food chain in the long run.47 Many
countries do not yet have regulations on nano fertilizers. The
usage of these fertilizers may be hazardous, hence there are
concerns over their safety due to the absence of regulation.48 It
is crucial to remember that additional study is required to
completely comprehend the advantages and disadvantages of
© 2025 The Author(s). Published by the Royal Society of Chemistry
non-toxic nano fertilizers. To guarantee the fertilizers' sustain-
able and safe usage in agriculture, the scientic community is
actively researching the effects these fertilizers have on the
environment.49
6. Types of nano fertilizers

Nano-fertilizers are classed according to their composition and
mechanism of action. Nano-sized nutrient particles, nano-
coated fertilizers, nano-encapsulated fertilizers, and nano-
composite fertilizers are some examples.50 Each has its own set
of characteristics and processes for nutrient delivery and
release.

Nano-fertilizers are a form of fertilizer based on nano-
technology that uses nanoparticles to improve nutrient
delivery and release in plants. They have various advantages
over traditional fertilizers, including increased nutrient
uptake efficiency, lower nutrient losses, and targeted nutrient
release. Here are some examples of nano-fertilizers, along
with their characteristics and nutrient delivery and release
mechanisms: (1) nano encapsulated fertilizers consist of
nano-sized capsules that encapsulate the nutrients. The
capsules are usually made of biodegradable polymers or
inorganic materials. The encapsulation protects the nutrients
from degradation and leaching, allowing for controlled
release. The release of nutrients from the capsules can be
triggered by various factors such as soil moisture, tempera-
ture, or microbial activity.25 (2) Nano-coated fertilizers involve
coating the surface of conventional fertilizer particles with
nanomaterials. The nano-coating provides a protective layer
around the fertilizer particles, preventing nutrient loss
through leaching or volatilization. The nano-coating can also
control the release of nutrients by modulating the coating
thickness or using pH-sensitive coatings that release nutri-
ents in response to specic soil conditions.51 (3) Nano-
composite fertilizers are formed by incorporating
nanoparticles directly into the fertilizer matrix, typically using
nano clays or carbon nanotubes. The nanoparticles in the
nanocomposite structure enhance nutrient retention and
slow down nutrient release. They can also improve the water-
holding capacity of the soil and promote microbial activity,
leading to improved nutrient availability for plants.52 (4)
Nano-chelated fertilizers involve the use of nanoparticles to
chelate or bind with specic nutrients, such as iron, zinc, or
copper. The chelation process improves the stability and
solubility of the nutrients, making them more available to
plants. The nanoparticles can also protect the nutrients from
chemical reactions in the soil, ensuring their efficient uptake
by plant roots.53

Overall, nano-fertilizers offer the potential to improve
nutrient use efficiency and reduce environmental impacts by
providing more targeted and controlled nutrient delivery to
plants. However, it's important to note that further research and
development are needed to optimize their performance, assess
their long-term effects on soil and plant health, and ensure their
safe application in agriculture.
Nanoscale Adv., 2025, 7, 2131–2144 | 2137
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Fig. 6 Overview of design and formulation of nano fertilizers based on the respective preparation method and their characteristics.56

Fig. 7 Evolution of net weight and CIF/FOB value across the years. (CIF – Cost, insurance, and freight and FOB – free on board).
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7. Uptake and movement of
nanoparticles

Nanoparticles can enter a plant's system through a variety of
channels, including the root, and shoot, even through wounds
and root junctions.33 The penetration of nanoparticles through
the cell wall is greatly inuenced by the pore diameter of the cell
wall (5–20 nm).54 Therefore, nanoparticles aggregate with
a diameter smaller than the pore size of the plant cell wall could
easily pass through the cell wall and reach the plasma
membrane. As a result, one of the primary barriers to nano-
particle entry into the plant system is considered to be pore size.

Traditional fertilizers are commonly applied through
conventional methods such as broadcasting or side-dressing.
However, nano-fertilizers may require specialized application
techniques to ensure proper distribution and uptake. For
example, precision application methods such as foliar spraying
or seed coating may be more suitable for nano-fertilizers to
target specic plant tissues or root zones. Nano-fertilizers may
require precise application techniques such as foliar spraying.
Specialized spraying equipment, such as precision sprayers or
sprayers with adjustable nozzles, can help ensure uniform
coverage and targeted delivery of nano-fertilizers to plant leaves.
These sprayers are designed to produce ne droplets for
optimal absorption and minimize dri.37
Fig. 8 Distribution of imports among countries.

© 2025 The Author(s). Published by the Royal Society of Chemistry
Different crops have unique nutrient requirements and
growth characteristics. Nano-fertilizers can be tailored to
specic crops, taking into account their nutritional needs,
growth stages, and environmental conditions. Crop-specic
formulations optimize nutrient delivery and uptake, resulting
in improved crop performance and yield.55 Adjustments in
dosage and timing of fertilizer application may be necessary
when using nano-fertilizers. The optimal dosage and timing of
nano-fertilizer application may differ from traditional fertilizers
due to their controlled-release properties and enhanced
nutrient uptake efficiency. Precision in determining the
appropriate dosage and timing can help maximize the benets
of nano-fertilizers and minimize any potential adverse effects
(Fig. 6).57
8. Systems for decision support and
data management

Incorporating nano-fertilizers with other agricultural tech-
nology can improve crop yield and sustainability in general. The
effectiveness of nano-fertilizers can be increased by integrating
them with data management and decision support systems.58

Through this integration, resource efficiency is increased,
environmental consequences are decreased, and more accurate
and focused nutrient management is made possible. Precision
Nanoscale Adv., 2025, 7, 2131–2144 | 2139
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farming and sensor-based systems are two examples of smart
farming technologies that can be combined with nano-
fertilizers. Farmers can make fast, accurate, and well-
informed decisions regarding nutrient application by incorpo-
rating data from multiple sources, including weather forecasts,
plant health, soil sensors, and real-time data.59 Articial intel-
ligence and machine learning are examples of cutting-edge
technologies that can assist with data analysis and interpreta-
tion, giving tailored advice for maximizing the usage of nano
fertilizers.60 By optimizing nutrient formulations and release
patterns, crop-specic nano-fertilizers can enhance nutrient
uptake, yield, and quality, leading to more efficient and
sustainable crop production.
9. Challenges and opportunities for
nano-fertilizers in Ethiopia

To improve agricultural yield and soil fertility, synthetic fertil-
izer is essential. However, frequent and excessive use of
conventional fertilizers has drawbacks. It can lead to the
buildup of pollutants in the soil, detrimental to the ecosystem,
causing problems like air pollution, soil acidity, degradation,
and water eutrophication. Phosphate fertilizers, oen made
from apatite, can contain heavy metals like arsenic, cadmium,
chromium, copper, zinc, and palladium. These heavy metals
Fig. 9 2022's breakdown of net weight and CIF/FOB value across vario

2140 | Nanoscale Adv., 2025, 7, 2131–2144
pose health risks to humans and animals and negatively impact
plant growth. For instance, cadmium is known to be highly toxic
and can cause cancer.61–67

Another signicant challenge is the high cost of imported
chemical fertilizers in Ethiopia (see Fig. 7–9). The country uses
a lower amount of chemical fertilizer per hectare compared to
other nations. In 2022, Ethiopia applied 36.2 kg of chemical
fertilizer per hectare on average, signicantly less than the
global average of about 140 kg per hectare. The reliance on
imports and the associated costs pose economic challenges for
Ethiopian agriculture.68

These challenges highlight the need for alternative fertilizer
solutions, such as nano-fertilizers. Nano-fertilizers offer
a potentially eco-friendlier and cost-effective approach to
increasing crop productivity while minimizing the negative
impacts associated with conventional fertilizers.

A recent study conducted in Ethiopia69 investigated the
effects of various nano-fertilizers on teff grain yield and yield
components. The eld experiment included treatments with
nano-nitrogen (nano-N), nano-phosphorus (nano-P), nano-
potassium (nano-K), and a combination of nano-NPK fertil-
izers, comparing them to a control (no fertilizer) and a recom-
mended dose of conventional NPK fertilizer.

The results demonstrated the positive impact of nano-
fertilizers on teff growth and yield. Specically, signicant
improvements were observed in yield components such as
us fertilizers.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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panicle length, panicle weight, and the number of fertile tillers
per plant compared to both the control and conventional
fertilizer treatments. The application of nano-N and nano-P
fertilizers led to particularly noteworthy increases in grain yield.

Importantly, the study highlighted the enhanced nutrient
use efficiency achieved with nano-fertilizers, suggesting that
plants were better able to absorb and utilize these nutrients
compared to conventional fertilizers. This has important
implications for both environmental sustainability and
economic viability. An economic analysis conducted as part of
the study indicated that using nano-fertilizers could poten-
tially lead to increased protability for teff farmers due to
improved yields and reduced fertilizer input costs. These
ndings underscore the potential of nano-fertilizers to
enhance agricultural productivity and contribute to food
security in Ethiopia.

While this study provides promising initial evidence, it is
crucial to recognize that research on nano-fertilizers in Ethiopia
is still limited. Further investigations are needed to assess their
long-term impacts on soil health, environmental safety, and
human health. Additionally, studies involving diverse crop
types and various agro-ecological zones across Ethiopia are
essential to develop a comprehensive understanding of the
potential and limitations of nano-fertilizers in the country.

Notably, the Bio and Emerging Technology Institute (BETin)
is collaborating with the Wondo-Genet Agricultural Research
Institute and Addis Ababa University on a project to develop
nano-fertilizers from agricultural and industrial waste. This
project aims to create sustainable fertilizers using green tech-
niques and has received funding to support its initiatives. Field
trials are planned to assess the effectiveness of these nano-
fertilizer prototypes on crop yields, nutrient use efficiency,
and soil health.

While the potential of nano-fertilizers is evident, research
specic to the Ethiopian context remains in its early stages.
Further studies are crucial for evidence-based decision-making
and to ensure the responsible and sustainable application of
nano-fertilizers in Ethiopian agriculture.

10. Conclusion

In essence, by increasing crop output and nutrient use effi-
ciency, nano-fertilizers have the potential to completely trans-
form agriculture. Although nano-fertilizers have great potential
for sustainable agriculture, it's crucial to remember that they
are still in the early phases of commercialization and wide-
spread acceptance. To completely comprehend their possible
advantages and hazards, more research is required to ll in the
knowledge gaps. To guarantee their safe and responsible usage,
careful assessment of their implications for the environment,
health, and society is required. To evaluate their efficacy across
various crops, soils, and agro-climatic conditions, as well as to
guarantee their safety and environmental sustainability,
ongoing research, ongoing scientic exploration, eld trials,
monitoring activities, regulation, and stakeholder involvement
are crucial. Further research and development in this eld is
necessary to support evidence-based decision-making, monitor
© 2025 The Author(s). Published by the Royal Society of Chemistry
their progress, address emerging challenges, maximize the
benets mitigate the potential risks associated with nano-
fertilizers, and foster the safe and sustainable use of nano-
fertilizers in agriculture.
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