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Nitrogen (N) is a vital macronutrient for maize productivity, but significant losses
under rainfed conditions limit its availability and yield potential. There is a need for
energy-efficient and eco-friendly fertilizers along with improved agronomic
practices to enhance nutrient use efficiency, crop productivity, and
profitability. An experiment was conducted under semi-arid conditions in India
in a single location to evaluate the economic and environmental performance of
conventional fertilizers at varying nitrogen levels [0, 50, 75, and 100%
recommended rate of nitrogen (RDN)] with and without nano-urea in rainfed
maize. Application of 100% recommended NPK through conventional fertilizers
along with nano-urea spray (N100PK + nano-urea) recorded significantly higher
yield (3,026 kg ha-1) and economic returns (US $ 477 ha-1). Notably, the N75PK +
nano-urea registered comparable yield over N100PK + nano-urea and N100PK,
demonstrating that two foliar sprays of nano-urea could reduce nitrogen input by
25% without yield loss. Additionally, this approach reduced greenhouse gas
(GHG) emissions by 25% and energy consumption by 14.9%, highlighting its
potential for sustainable maize production. Though the results are encouraging it
should be tested across crops and regions.
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1 Introduction

Maize (Zea mays L.), popularly known as the “Queen of Cereals,” is the world’s third-
largest cereal crop. Its versatility as food, fodder, feed, and fuel makes it highly valuable and
demand-driven. Globally, India ranks fourth in maize cultivation area and sixth in
production, contributing approximately 4% to the world’s total maize area and 2% to
global maize production (Statista, 2024). In India, maize is primarily grown in two seasons,
kharif (rainy) and rabi (winter). During 2023–24, maize was cultivated on 11.24 million ha,
with 7.57 million ha (67.3%) in kharif (Directorate of Economics and Statistics, 2023-24).
More than 70% of kharif maize in India is cultivated under rainfed conditions, making it
highly vulnerable to various biotic and abiotic stresses (Anant et al., 2024). As a result, kharif
maize yields remain relatively low, averaging 3,100 kg ha-1, compared to rabi maize, which
yields an average of 4,163 kg ha-1 under more favorable growing conditions (Directorate of
Economics and Statistics, 2022-23). The erratic and uneven distribution of monsoon rains
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across South and Southeast Asia often leads to intermittent drought,
heat stress, or excessive moisture/waterlogging at different crop
growth stages, significantly affecting crop productivity. Since
plants absorb nutrients in their ionic form dissolved in soil
solution, water scarcity directly limits nutrient uptake, further
restricting growth and yield (CIMMYT, 2021). Moreover,
declining soil organic matter and depleting essential nutrients
pose additional constraints in rainfed maize systems (Aakash
et al., 2022). Addressing these challenges through improved water
and nutrient management strategies is essential for enhancing the
resilience and productivity of rainfed maize.

Nitrogen (N) is one of the most essential nutrients for plant
growth, and its demand is particularly high in maize, a nitrogen-
intensive cereal crop (Mahdi et al., 2012). Nitrogen fertilization plays
a crucial role in maize dry matter production by influencing leaf area
development and photosynthetic efficiency (Shah et al., 2021a).
Additionally, nitrogen is vital for crop development, yield and
grain quality, as it is a key component in the synthesis of
chlorophyll, enzymes, and other essential biochemical
compounds required for plant metabolism and growth (Gheith
et al., 2022). However, under rainfed conditions, unpredictable
weather patterns especially irregular rainfall and temperature
fluctuations lead to significant nitrogen losses through leaching,
denitrification, volatilization, and surface runoff. These losses
further limit nutrient availability and hinder crop productivity.

In India, the primary source of nitrogen fertilizer is urea.
However, its use efficiency in most agricultural fields is only
about 30%–40% (Duan et al., 2016), meaning a substantial
portion of applied nitrogen remains unutilized and is lost to the
environment. Excess urea is released through various pathways,
contributing to environmental pollution. It volatilizes as nitrous
oxide (N2O), a potent greenhouse gas, and is also emitted as
ammonia (NH3), exacerbating global warming and air pollution
(Liu et al., 2013). Additionally, nitrate leaching through the soil
contaminates groundwater, adversely affecting drinking water
quality (Dillard et al., 2015). During the fiscal year 2023–24,
India’s urea consumption reached 34.21 million metric tons (FAI,
2024b). A major concern related to urea production and use is its
environmental footprint. The greenhouse gas (GHG) emissions
associated with both urea production and use are estimated at
5.15 kg CO2-equivalent per kg of urea (Parry et al., 2007),
resulting in a massive total emission of approximately
176.2 million tonnes CO2-equivalent during 2023–24.
Additionally, production of one tonne of urea requires 12.8 m3 of
water and 173.7 kWh of electricity (Fiamelda and Suprihatin, 2020).
Consequently, in 2023–24, the production of 34.21 million metric
tons of urea resulted in the consumption of approximately
437.9 million cubic meters of water and 5.945 TW-hours (TWh)
of electricity. The extensive use of water and electricity, along with
massive GHG emissions from urea production, poses serious threats
to environmental sustainability. While improving the efficiency of
water and energy use in urea production is one possible mitigation
strategy, a more impactful and sustainable approach may involve
reducing global urea demand altogether by replacing it with energy-
efficient and environmentally friendly novel fertilizers (Bartolucci
et al., 2022). Scientists, policymakers, industrialists, and farmers are
increasingly concerned about these challenges and are actively
seeking alternative and innovative nutrient sources to enhance

agricultural sustainability (Guardia et al., 2018). One of the
promising solution is the use of nano fertilizers (NFs), which
improve nutrient use efficiency through precise delivery while
minimizing environmental impact due to lower application rates
(Arpan and Ayan, 2024). Nanotechnology enables the production of
materials significantly smaller than conventional fertilizers, typically
below 100 nm, with greater surface area and reactivity (Rehmanullah
et al., 2020). These unique properties improve nutrient uptake,
minimize losses, and promote sustainable agricultural practices.
Unlike conventional fertilizers, which generally exceed 1,000 nm
in size, NFs offer superior solubility and dispersion, leading to more
efficient nutrient absorption by plants (Gade et al., 2023).
Furthermore, NFs help mitigate nutrient losses caused by runoff
and leaching while enhancing nutrient retention in the soil. By
reducing adsorption and fixation, they ensure improved nutrient
availability for plant uptake, ultimately contributing to better crop
productivity and environmental sustainability (Thavaseelan and
Priyadarshana, 2021; Samuel et al., 2022).

Given these advantages, integrating foliar application of nano
fertilizers with conventional soil-applied fertilizers is particularly
crucial in rainfed areas, where nutrient availability is often limited
by soil moisture fluctuations. In this context, the Indian Farmers
Fertilizer Cooperative (IFFCO) has developed nano-urea as an
alternative to commercial urea. Nano-urea particles are nanoscale in
one dimension (at least 50% of thematerial), with a physical particle size
of 20–50 nm and a hydrodynamic size of 20–80 nm (Kumar et al.,
2021a). It contains 4% nitrogen (w/v), has shelf life of approximately
2 years with zeta potential of >30 (Kumar et al., 2021a). Nano-urea is
formulated using urea treated with non-ionic surfactants and stabilized
in polymer matrices, forming nano clusters of less than 100 nm. When
sprayed on leaves, nano urea–liquid (nano nitrogen) fertilizer easily gets
absorbed and also enters through stomata due to its nano size
(<100 nm). It is distributed to other plant parts through phloem
translocation and metabolically assimilated as per the plant’s needs.
Nano urea contains nanoscale nitrogen particles (18–30 nm) which
havemore surface area (10,000 times over 1mmurea prill) and number
of particles (55,000 nano urea–liquid (Nano nitrogen) particles over
1mmurea prill bymass volume). Nano urea with pore size (20 nm) can
easily penetrate through cell wall and reach up to plasma membrane.
Large size particles (20–50 nm) can penetrate through stomatal pores.
These are also transported via phloem cells through plasmodesmata
(40 nmdiameter) to other plant parts. These can bind to carrier proteins
through aquaporin, ion channels, and through endocytosis and
metabolized inside the plant cell (Kumar et al., 2021a). Studies have
demonstrated that nano-urea application significantly improves maize
yields across various locations (Manikandan and Subramaniam, 2016).
Initial findings also indicate its potential to reduce reliance on
conventional nitrogen fertilizers while positively influencing soil
health and reducing GHG emissions, thereby paving the way for its
widespread adoption and lowering overall urea requirements
(Upadhyay et al., 2023a; Upadhyay et al., 2023b). Moreover, in
rainfed conditions, where conventional fertilizer application is often
constrained by inadequate or excessive soil moisture, nano-urea may
serve as an effective alternative, applied as a foliar spray at critical crop
growth stages. Hence, this study was conducted to evaluate the impact
of conventional and nano-urea on maize growth, nitrogen uptake,
productivity, profitability, GHG emissions and energy use efficiency
under rainfed conditions.
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2 Materials and methods

2.1 Experimental site

The experiment was conducted at Gungal Research Farm (GRF) of
Central Research Institute of Dryland Agriculture, Hyderabad,
Telangana, India during rainy season (June to September), 2021 and
2022. Hyderabad is situated at an altitude of 542m abovemean sea level
(MSL). It is located at latitude 17.40° N and longitude of 78.47 E. This

region has a unique combination of a tropical wet and dry climate that
borders on a hot semi-arid climate (Köppen climate classification). The
mean weekly minimum and maximum temperature during cropping
period ranged from 19.7 to 22.9°C and 22.3–31.2°C during 2021.
Whereas, the weekly mean minimum and maximum temperature
varied between 21.0 and 24.0°C and 28.3–33.4°C during 2022.An
amount of 753.5 and 691.3 mm was received in 45 and 36 rainy
days during the crop growth period of 2021 and 2022 (Figures 1a, b).
The soil of experimental site was sandy loam, slightly acidic (pH 6.51),

FIGURE 1
Weather conditions during crop growth period in 2021 (a) and 2022 (b).
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EC was in normal range (0.05–0.07 dS m-1), low in organic carbon
(0.43%) and available N (179.1 kg ha-1), high in available P (24.7 kg ha-1)
and medium in available K (218.1 kg ha-1).

The textural class of the soil was characterized by international
pipette method as outlined by Piper (1966). The soil pH was determined
by potentiometric method (Piper, 1966), and electrical conductivity was
determined using conductivity bridge (Jackson, 1973). Organic carbon
content was estimated using the Walkley and Black wet-oxidation
method (Jackson, 1973). Available nitrogen was determined following
alkaline permanganatemethod (Subbaiah andAsija, 1956). The available
phosphorus and potassium content of the soil was quantified following
Bray’s method and Flame photometer, (Jackson, 1973).

2.2 Experimental design

The experiment comprising of eight treatments was laid out in a
randomized complete block design (RCBD) with three replications
(Table 1). The size of each plot is 5 x 5 m2 To minimize this issue, data
collection and sampling were done from the net plot area (4 m × 4 m =
16 m2), excluding one row from each side and 0.5 m from the ends of
each plot. In all the treatments, entire dose phosphorus (P) and
potassium (K) was applied as basal. Nitrogen (N) was applied in
three equal splits viz. Basal, knee high stage and flowering stage of
crop. The recommended dose of NPK was 90-45-45 kg N, P2O5 and
K2O ha-1. The recommended sources for NPK were prilled urea, single
superphosphate and muriate of potash respectively. Nano-urea was
foliar applied @ 2 mL L-1 water twice at V6-V8 and V11-V12stages of
crop as per the treatment, using a battery operated power sprayer. In
other treatments, only water was sprayed. The technical description of
IFFCO nano-urea is provided in Supplementary Table S1.

2.3 Crop management

The land was initially ploughed for primary tillage, followed by
secondary tillage using a cultivator to ensure fine tilth. Finally, leveling
with a rotavator was done for optimal crop establishment. Sowing was
done with tractor-drawn seed drill at a spacing of 60 cm × 20 cm. Maize
hybrid DHM 111 with duration of 90–95 days and yield potential of

6.25–7.5 tha-1 was selected in this study. It is known for its high yield
potential, responsiveness to nutrients, tolerance to lodging, and stay-green
characteristics. Thinning and gap filling was done at 10–15 days after
sowing (DAS), as required. Atrazine 50%WP@2.5 kg ha-1 was sprayed at
2 DAS as pre-emergence spray followed by Tembotrione 42% SC @
286 mL ha-1 at 15–20 DAS or four leaf stage as post emergence to control
the growth of weeds. Intercultivation was done once at 35DAS to control
late emerging weeds. For the control of fall army worm, Carbofuran
3Ggranules@7.5 kg ha-1 was placed in leafwhorls at 25–30DAS. Spraying
of Emamectin benzoate 5%SG@0.4 g L-1 was done as required during the
crop growth period. Crop was harvested manually at physiological
maturity stage and aboveground biomass was removed from the plots.

2.4 Observations on crop

Five plants from each net plot area were randomly selected and
tagged for recording observations on plant growth characteristics such
as plant height (cm). Themean of height of these five tagged plants were
computed and used for statistical analysis. Leaf area index (LAI) was
determined by using following formula (Watson, 1952).

LAI � Total leaf area m2( )/Land area m2( )

Dry matter production was recorded by following the destructive
sampling technique. Five plants per plot from the net plot in all the
replications were uprooted to avoid the border row effect, roots were
clipped off and kept in labelled brown paper bag and allowed for partial
sun drying for 2–3 days. Later samples were oven dried at 65–70°C till a
constant weight was obtained. Five cobs were randomly selected from
each net plot area to evaluate length of the cob (cm), single cob weight
(g) and number of grains cob-1. For 100 grain weight, all the cobs from
each net plot were threshed and one hundred grains were counted from
the yield of each net plot and then weighed. Cobs harvested from each
net plot were sun-dried until the moisture content reached 14%, after
which they were threshed using a maize thresher, and the grain yield
was recorded. After removing the cobs, leftover plant material,
including the husk, was sun dried and weighed for stover yield.

2.5 Nitrogen uptake

Nitrogen (N) content in plant samples was estimated by
modified Kjeldhal method (Jackson, 1967) using Automatic
Kelplus distillation unit after digesting the plant sample in conc.
H2SO4 and H2O2 (Piper, 1966). N uptake by grain and stover of
maize crop was calculated by using the following formula.

Nitrogen uptake kg ha-1( ) �

Nitrogen content %( ) in grain/stover × grain/stover yield kg ha-1( )
100

2.6 Available soil nitrogen

After the crop harvest in 2022, the soil samples were collected
from all the treatments (0–15 cm depth) in polythene bags. The soil

TABLE 1 Details of the treatments.

Treatment Treatment details

N0PK Recommended P and K

N50PK 50% recommended N + recommended PK

N75PK 75% recommended N + recommended PK

N100PK 100% recommended NPK

N0PK + Nano-urea Recommended PK + spraying of nano-urea (twice)

N50PK + Nano-urea 50% recommended N + recommended PK + spraying of
nano-urea (twice)

N75PK + Nano-urea 75% recommended N + recommended PK + spraying of
nano-urea (twice)

N100PK + Nano-
urea

100% recommended NPK + spraying of nano-urea (twice)
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samples were dried under shade, ground with pestle and mortar and
sieved through 2 mm sieve. The processed soil samples were
analyzed for available soil N by using alkaline potassium
permanganate method (Subbaiah and Asija, 1956).

2.7 Economic analysis

The economic analysis included studying the cost of cultivation,
gross returns, net returns, and benefit: cost (B:C) ratio in different
treatments. The cost of cultivation was calculated for all treatments
with the prevailing market prices of inputs (Supplementary Table
S3) and worked out by considering all the expenses incurred in the
crop cultivation and summed up with the common costs of various
operations and inputs. Gross returns were calculated by multiplying
the grain and straw yield with the prevailing market prices of grain
and straw, respectively. Net returns were calculated by subtracting
the total cost of cultivation from the gross returns (US $ ha−1). BC
ratio was calculated as the ratio of gross return to the cost of
cultivation. Further, economic analysis was also carried out by
considering the cost of non-subsidized urea (US $ 0.61kg−1) as
against the subsidized cost (US $ 0.07 kg−1) (FAI, 2024a).

Gross return ₹ ha−1( ) � Cob yield kg ha−1( ) × Market price US $ kg−1( )
+ stover yield kg ha−1( )

× Market price US $ kg−1( )

Net return ₹ ha−1( ) � Gross return US $ ha−1( )
–Cost of cultivation US $ ha−1( )

BCR � Gross return US $ ha−1( )
Cost of cultivation US $ ha−1( )

2.8 Energy use efficiency

All inputs (fertilizers, seeds, fuel, human, agro-chemicals,
implements, machine, etc.) and outputs (main and by-product)
were considered for energy budgeting. Physical unit of inputs
were translated into energy units by multiplying with energy
equivalents (Supplementary Table S2) for the estimation of
energy inputs. Similarly, energy output was calculated by
multiplying the amount of grain and stover yield by its
corresponding energy equivalents. The net energy and energy use
efficiency were calculated as described below (Hatirli et al., 2006).

Net energy MJ ha−1( ) � Energy output MJ ha−1( )
−Energy input MJ ha−1( )

Energy use efficiency � Energy output
Energy input

2.9 GHG emissions

The emissions from maize crop under different N treatments
come under direct GHG emissions. The indirect GHG emissions
comprise farm management practices (sowing, tillage, irrigation,

and harvesting) as well as the production and transportation of
agricultural materials (seeds, fertilizer, and pesticides) (Huayun
et al., 2023). In the present study, direct GHG emissions from
different treatments were calculated using reference values: 5.15 kg
CO2-eq per kg of product (including urea production and use) as
reported by Parry et al. (2007), and 0.248 kg CO2-eq per liter of
product, based on the steam and power consumption of a nano-urea
plant, as reported by Upadhyay et al. (2023b).

2.10 Statistical analysis

The data was subjected to analysis of variance (ANOVA) of a
RCBD and tested at 5% level of significance using SPSS. Post-hoc
mean separation was done using Duncan’s Multiple Range Test.

3 Results

3.1 Crop growth

Foliar application of nano-fertilizers significantly influenced the
growth parameters of maize (Table 2). Combined application of
100% N and recommended PK along with foliar spray of nano-urea
(N100PK + Nano-urea) recorded higher plant height (220 and
214 cm) during the year 2021 and 2022, respectively. However,
the treatments N100PK and N75PK + Nano-urea were found to be on
par with N100PK + Nano-urea. Similarly, the highest dry matter
production was recorded with N100PK + Nano-urea, which was
statistically comparable to N100PK and N75PK + Nano-urea. A
similar trend was observed for the leaf area index, where N100PK
+ Nano-urea recorded the highest values (3.45 and 3.52 during first
and second years, respectively). However, these values were
statistically on par with N100PK and N75PK + Nano-urea. The
lowest plant height, dry matter production and leaf area index
were observed in N0PK and N0PK + Nano-urea during both
years of study.

3.2 Yield attributes and yield

Application of conventional fertilizer with foliar spray of nano-
urea had a significant impact on yield attributes and maize yield
(Tables 3, 4). The highest cob length, number of grains per cob, cob
weight, and 100-grain weight were recorded with application of
100% RDF along with foliar sprays of nano-urea (N100PK + Nano-
urea). These values were statistically comparable to those recorded
under N100PK and N75PK + Nano-urea. In contrast, the lowest yield
attributes were observed in treatments without nitrogen application
(N0PK and N0PK + Nano-urea), regardless of nano-urea spray,
during both years of the study.

The grain yield ranged from 1,019 to 3,026 kg ha-1 across all
treatments based on the mean data, as the crop was entirely grown
under rainfed conditions, receiving 753.5 mm of rainfall in 2021 and
691.3 mm in 2022. During the crop growth period in both seasons,
weekly rainfall varied significantly, reaching up to 162 mm in some
meteorological standard weeks, while during other weeks, it was as
low as 2 mm. Significantly higher grain and stover yields were
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recorded with N100PK + Nano-urea, with grain yields of 3,009 kg ha-1

in 2021 and 3,042 kg ha-1 in 2022, and stover yields of 6,083 kg ha-1

and 5,993 kg ha-1, respectively. The treatments N100PK and N75PK +
Nano-urea produced statistically comparable grain and stover yields
in both cropping seasons. The application of 100% RDF through
soil, combined with foliar sprays of Nano-urea, resulted in a 66.4%
increase in grain yield and a 58.5% increase in stover yield compared
to the treatment without N fertilizer application. In contrast,
treatments receiving only 50% of the recommended N, regardless
of nano-urea application, resulted in significantly lower yields by
27% and 37% compared to N100PK + Nano-urea. The lowest grain
and stover yields were observed in N0PK treatment during both
the years.

3.3 Nitrogen uptake

Nitrogen uptake (kg ha-1) by grain and stover showfd
significant rfsults with application of nano urea along with
convfntional ffrtilizfrs (Table 4). Significantly higher nitrogen
uptake by grain and stover were observed with application of
100% recommended NPK with foliar spray of Nano-urea
(N100PK + Nano-urea) which were at par with N75PK + nano-
urea and N100PK during both years. The lowest nitrogen uptake
values by grain and stover were obtained in N0PK treatment
during 2021 and 2022.

3.4 Post-harvest available soil nitrogen

Recommended NPK application along with nano-urea spray
(N100PK + Nano-urea) registered significantly highest values of
available soil N over other treatments in post-harvest soil
samples compared to other treatments except N100PK and N75PK
+ nano-urea (Table 4). Treatments with 50% recommended N doses
registered significantly lower available N compared with
recommended NPK application. Treatment without soil and
foliar N application (N0PK), registered 35% lower available N
compared with N100PK + nano-urea.

3.5 Profitability

The cost of cultivation with subsidized urea was comparatively
lower than unsubsidized urea while net returns and B:C were high
(Table 5). The cost of cultivation of rainfed maize was highest under
N100PK + nano-urea compared to other treatments (US $ 410 ha-1

with and US $ 516 ha-1 without subsidized urea). Higher gross
returns, net returns and B:C ratio (with and without subsidized urea)
were registered with N100PK + nano-urea treatment, and was on par
with N75PK + nano-urea and N100PK. Significantly lower gross
returns, net returns and B:C ratio were recorded with N0PK + nano-
urea and N0PK.

3.6 Energetics

Based on the energy equivalents (Supplementary Table S3),
energy input, energy output, net energy returns and energy use
efficiency (Table 6) were calculated. Among all treatments, N100PK
+ Nano-urea recorded the highest energy input (23,128 MJ ha-1),
energy output (119,949 MJ ha-1), and net energy returns
(96,821 MJ ha-1). However, these values were statistically on par
with those of N100PK and N75PK + Nano-urea. The highest energy
use efficiency (5.72) was observed under N75PK + Nano-urea, which
was significantly superior to all other treatments, indicating better
conversion of input energy into output energy. Conversely, the
treatment without any nitrogen application (N0PK) recorded the
lowest energy output (46,341 MJ ha-1), net energy returns
(35,123 MJ ha-1), and EUE (4.13).

3.7 Greenhouse gas emissions (GHG)

Among the treatments, the highest GHG emissions were
recorded under N100PK (463.5 kg CO2-eq ha-1) and N100PK +
Nano-urea (463.8 kg CO2-eq ha-1) than other treatments
(Table 7). The additional emissions due to foliar application of
nano-urea were minimal, at only 0.3 kg CO2-eq ha-1. However, a
25% reduction in the nitrogen dose combined with nano-urea

TABLE 2 Effect of nutrient management on growth parameters of maize.

Treatment Plant height (cm) Dry matter production (kg
ha-1)

Leaf area index

2021 2021 2022 2022 2021 2022

N0PK 146d 139d 2398d 2614d 1.9d 2.02e

N50PK 193c 188c 4629c 4784c 2.3cd 2.52cd

N75PK 203bc 197ab 5680bc 5478b 3.21ab 3.14b

N100PK 211ab 208ab 7069ab 6488a 3.78ab 3.64a

N0PK + Nano-urea 148d 142d 2987d 3028d 2.01d 2.18de

N50PK + Nano-urea 198bc 194bc 4895c 5081bc 2.48bc 2.64c

N75PK + Nano-urea 207ab 203ab 6764ab 6236a 3.45ab 3.52ab

N100PK + Nano-urea 220a 214a 7312a 6752a 3.97a 3.92a

Values of means followed by different letter(s) (based on Duncan’s multiple range tests) within each column are significantly different at p ≤ 0.05.
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application (N75PK + Nano-urea) resulted in lower GHG emissions
(347.9 kg CO2-eq ha-1) compared to the N100PK treatment.

4 Discussion

4.1 Crop growth

A significant increase in plant height with the combined
application of 100% recommended NPK supplemented by two
foliar sprays of nano-urea (N100PK + Nano-urea) can be
attributed to the enhanced penetration of nanoparticles through
the stomata, leading to increased nitrogen availability, as reported by
Abdel-Aziz et al. (2018). Additionally, foliar application of nano-
urea, in combination with soil-applied nitrogen, improved nitrogen
uptake (Table 2), promoting enhanced cell division, metabolism,
and overall cell growth. These findings align with those of Jigyasa
et al. (2023), who also reported increased plant height in maize with
application of nano-urea alongside conventional fertilizers.
Application of nano-fertilizers ensures a controlled and precise

nutrient release, allowing crops to receive nutrients in optimal
proportions for enhanced growth and development (DeRosa
et al., 2010). Millan et al. (2008) highlighted that NH4

+ ions
retained within the internal channels of zeolite are gradually
released, enabling progressive nutrient absorption by crops and
ultimately enhancing dry matter production. Additionally, nano-
fertilizers have been reported to exhibit a synergistic effect when
combined with conventional fertilizers (Rathnayaka et al., 2018).

In the present study, the combined application of 100%
recommended NPK through conventional fertilizers, supplemented
by two foliar sprays of nano-urea (N100PK + Nano-urea), resulted in
significantly higher drymatter accumulation. This can be attributed to
improved nutrient availability, as nano-urea enhances nitrogen
uptake efficiency through foliar absorption, complementing soil-
applied nitrogen. Higher biomass production in kharif maize
under the combined application of 75% RDF + nano-urea was
also reported by Kundu and Chhabra (2024). The comparable
performance of N100PK, N75PK + Nano-urea, and N100PK +
Nano-urea treatments may be due to efficient nitrogen utilization
facilitated by nano-urea, which enhanced foliar absorption and

TABLE 3 Effect of nutrient management on yield attributes of maize.

Treatment Cob length (cm) No. Of grains cob-1 Single cob weight (g) 100-Grain weight (g)

2021 2022 2021 2022 2021 2022 2021 2022

N0PK 14.2d 13.9e 170e 194e 132.9d 129.6e 24.8c 23.5d

N50PK 16.3bc 15.9c 236cd 240cd 185.5cd 180.5d 25.5bc 23.9cd

N75PK 17.2ab 16.9cd 286b 289b 256.2ab 246.2bc 26.3bcd 25.1b

N100PK 18.2a 18.3ab 356a 355a 304.5a 289.5a 27.4ab 27.5a

N0PK + Nano-urea 14.9cd 14.5e 196de 210de 142.8d 131.1e 25.0c 23.7d

N50PK + Nano-urea 17.4ab 17.1bcd 252bc 280bc 212.1c 207.1cd 25.8bc 24.5c

N75PK + Nano-urea 18.3a 17.9ab 335a 350a 295.5a 280.5ab 27.3ab 27.2a

N100PK + Nano-urea 18.8a 18.5a 370a 365a 309.7a 294.5a 28.2a 27.8a

Values of means followed by different letter(s) (based on Duncan’s multiple range tests) within each column are significantly different at p ≤ 0.05.

TABLE 4 Effect of nutrient management on yield, N uptake and available soil N.

Treatment Grain yield (kg
ha-1)

Stover yield (kg
ha-1)

N uptake in
grain (kg ha-1)

N uptake in
stover (kg ha-1)

Available soil N (kg ha-1)

2021 2022 2021 2022 2021 2022 2021 2022 2022

N0PK 1015e 1023d 2586e 2432d 13.2e 12.3e 14.8c 16.3d 128d

N50PK 1693d 2105c 4524d 4951b 22.0cd 26.6d 27.9bc 29.8bc 157c

N75PK 2408bc 2490b 5206bc 5292b 33.0b 34.8c 38.8b 34.5b 179b

N100PK 2894a 2948a 5849ab 5928a 44.5a 48.2ab 58.2a 57.9a 194ab

N0PK + Nano-urea 1227e 1206d 2965e 2993c 16.5de 14.5e 16.9c 19.1cd 134d

N50PK + Nano-urea 2185c 2237c 4932cd 5193b 29.7bc 28.4d 30.5bc 29.2bc 160c

N75PK + Nano-urea 2701ab 2844a 5709ab 5807a 41.2a 47.4ab 60.8a 54.2a 184ab

N100PK + Nano-urea 3009a 3042a 6083a 5993a 48.3a 50.7a 63.8a 60.4a 202a

Values of means followed by different letter(s) (based on Duncan’s multiple range tests) within each column are significantly different at p ≤ 0.05.
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compensated for the reduced soil-applied nitrogen in N75PK + Nano-
urea. In the N100PK treatment, nitrogen availability might have
already been optimal, resulting in no significant advantage from
additional nano-urea. These findings align with those of Zia et al.,
(2025), who reported higher dry matter production in finger millet
with nano-urea application.

The higher leaf area index (LAI) under the N100PK, N75PK +
Nano-urea, and N100PK + Nano-urea treatments may be
attributed to the combined effect of optimum soil nitrogen
and nano-urea, which enhances nitrogen availability and
uptake, thereby promoting improved LAI. The increase in LAI
with nano-urea application could be due to its nanoscale
formulation, which ensures efficient foliar absorption, better
nitrogen utilization, and enhanced leaf expansion and canopy
development (Anushka et al., 2023). Similarly, Sharma et al.
(2022) reported that nano-urea application improves LAI in
pearl millet by facilitating better nutrient penetration and
uptake efficiency.

4.2 Yield attributes and yield

A significant increase in various yield attributes with the
application of 100% RDF along with foliar application of nano-urea
(N100PK + Nano-urea) might be due to faster growth rate and
photosynthetic assimilation rate as a result of improved availability
and translocation of nutrients. The availability of nutrients further
encouraged a greater partitioning of photosynthates leading to better
yield attributes (Zia et al., 2025). Similar improvement in yield attributes
due to application of nano-fertilizer has been reported by Choudhary
et al. (2019) in corn. Improved yield attributes by applying conventional
fertilizer in combination with nano-fertilizer were also reported by
Kundu and Chhabra (2024). Application of 100% recommended dose
of N + PK along with two sprays of nano-urea recorded higher grain
and straw yield which were statistically at par with N75PK + nano urea
and N100PK during both the years. These findings indicate that up to
25% of the recommended nitrogen dose can be curtailed without any
yield penalty when supplemented with nano-urea.

TABLE 5 Effect of nutrient management on economics of maize (mean data of 2 years).

Treatment Cost of cultivation (US $ ha-1) Gross
returns (US

$ ha-1)

Net returns (US $ ha-1) B:C ratio

Subsidized
urea cost

Non-
subsidized
urea cost

Subsidized
urea

Non-
subsidized

urea

Subsidized
urea

Non
subsidized

urea

N0PK 363 363 307e −56e −56d 0.85e 0.85e

N50PK 380 433 573d 193d 140c 1.51d 1.32c

N75PK 388 468 724bc 336b 256b 1.86b 1.55b

N100PK 397 503 857a 461a 354a 2.16a 1.70a

N0PK + Nano-
urea

376 376 366e −10e −10d 0.97e 0.97d

N50PK + Nano-
urea

393 446 659cd 266c 213b 1.68c 1.48b

N75PK + Nano-
urea

401 481 817ab 415a 336a 2.03a 1.70a

N100PK + Nano-
urea

410 516 887a 477a 371a 2.16a 1.72a

One US $ = 86.9 Indian rupee (₹.); *Values of means followed by different letter(s) (based on Duncan’s multiple range tests) within each column are significantly different at p ≤ 0.05.

TABLE 6 Effect of nutrient management on energetics of maize (mean data of 2 years).

Treatment Energy input (MJha-1) Energy output (MJha-1) Net energy returns (MJha-1) Energy use efficiency

N0PK 11,217 46341e 35123e 4.13d

N50PK 17,156 87140c 69984c 5.07c

N75PK 19,655 101614b 81960b 5.16bc

N100PK 23,095 116550a 93455a 5.04c

N0PK + Nano-urea 11,250 55118d 43868d 4.89c

N50PK + Nano-urea 17,189 95784b 78595b 5.57ab

N75PK + Nano-urea 19,688 112737a 93049a 5.72a

N100PK + Nano-urea 23,128 119949a 96821a 5.18bc

*Values of means followed by different letter(s) (based on Duncan’s multiple range tests) within each column are significantly different at p ≤ 0.05.
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In the present study, nano-urea was applied as a foliar spray,
enabling direct penetration through stomatal pores and subsequent
transport via plasmodesmata. Due to its nanoscale size and unique
surface properties, nano-urea efficiently infiltrates plant tissues,
ensuring a controlled and sustained nitrogen release within the
plant system (Kumar et al., 2021b). This smart-release mechanism
provides a steady nitrogen supply, which supports dry matter
accumulation, chlorophyll biosynthesis, plant growth, and
ultimately, higher yields (Sun et al., 2020). Additionally, nano-
urea exhibits a prolonged release period, whereas conventional
urea, applied in soil, releases nutrients within 2–7 days (Seleiman
et al., 2021). A major drawback of conventional urea is its high loss
through leaching and volatilization, accounting for over 70% of
applied nitrogen, leaving less than 20% available for plant uptake
(Kahrl et al., 2010). In contrast, nano-urea releases nitrogen 12 times
slower than conventional urea, ensuring sustained metabolic
interactions, which contribute to increased grain yield (Saurabh
et al., 2019). Our findings also align with Kumar et al. (2021a) and
Kundu and Chhabra (2024), who reported that foliar application of
nano-fertilizers at critical crop growth stages, either alone or in
combination with conventional fertilizers, significantly improves
crop yield. This underscores the potential of nano-urea as an
efficient nitrogen source, enabling sustainable nutrient
management while maintaining or even enhancing crop
productivity, even at reduced conventional nitrogen
application rates.

4.3 Nitrogen uptake

Application of 100% recommended NPK with foliar spray of
nano-urea (N100PK + Nano-urea) resulted in significantly higher
nitrogen uptake by grain and stover over other treatments, except
N75PK + Nano-urea and N100PK, which correlates with the
statistically similar yield levels observed under these treatments.
This indicates that nano-urea foliar application effectively triggers
nutrient uptake mechanisms, leading to efficient nitrogen
utilization. The higher nitrogen uptake observed with increased

nitrogen levels can be attributed to improved nutrient availability in
the root zone, leading to enhanced absorption and higher dry matter
production, as reported by Prakasha et al. (2017). The positive effect
of nano-fertilizer use on nutrient uptake could be due to its higher
surface area compared to conventional fertilizers, which ensures
controlled release and reduced nutrient fixation (Rani et al., 2019).
Foliar application of nano-urea enables rapid nutrient absorption
due to its nanoparticle size (<50 nm), which is smaller than the pore
size of leaves, facilitating efficient penetration into plant tissues and
enhancing nutrient uptake (Rathnayaka et al., 2018). Similar
findings were reported by Upadhyay et al. (2023b) in maize,
wheat, and pearl millet, where the combined application of
conventional urea and controlled-release nano-urea improved
nutrient uptake.

4.4 Available soil nitrogen

The available nitrogen (N) in post-harvest soil samples from
the N100PK + Nano-urea, N100PK, and N75PK + nano-urea
treatments remained statistically similar. This suggests that up
to 25% of the recommended nitrogen dose can be curtailed
through nano-urea application in rainfed maize. The
comparable available N levels between the N100PK and N75PK
+ nano-urea treatments indicate that nutrient mining did not
occur during either cropping season, likely due to the
supplementary nitrogen provided by nano-urea. However, the
highest soil available N levels were observed with the
recommended nitrogen application combined with nano-urea
spray. In contrast, reducing nitrogen application to 50% of the
recommended dose resulted in a depletion of soil available N,
regardless of nano-urea supplementation. Furthermore,
treatments without any nitrogen application exhibited
significantly lower available N across seasons, even with nano-
urea spray. Therefore, applying at least 75% of the recommended
nitrogen dose through conventional urea with nano-urea spray is
essential to prevent nitrogen mining. Similar findings were also
reported by Upadhyay et al. (2023a).

TABLE 7 Effect of nutrient management on greenhouse gas (GHG) emission.

Treatment Urea applied
(kg ha-1)

Nano-urea
applied (mL

ha-1)

GHG emissions (kg
CO2-eq ha-1 from

urea)

GHG emissions (kg
CO2-eq ha-1 from nano-

urea)

Total GHG
emissions (kg CO2-

eq ha-1)

N0PK 0 0.0 0.0

N50PK 98 231.8 231.8

N75PK 147 347.6 347.6

N100PK 196 463.5 463.5

N0PK + Nano-
urea

0 1,250 0.0 0.31 0.3

N50PK + Nano-
urea

98 1,250 231.8 0.31 232.1

N75PK + Nano-
urea

147 1,250 347.6 0.31 347.9

N100PK + Nano-
urea

196 1,250 463.5 0.31 463.8
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4.5 Profitability

The cost of cultivation using unsubsidized urea was significantly
higher compared to subsidized urea, resulting in lower net returns
and benefit-cost (B:C) ratios (Table 6). This is attributed to the high
market price of unsubsidized urea (US $27.2 per 45 kg bag)
compared to the subsidized price (US $3.06 per 45 kg bag)
provided by the Government of India (GoI). The incorporation
of nano-urea in the N75PK + nano-urea treatment incurred an
additional cost of US $4 per hectare over the N100PK treatment
under subsidized conditions. This cost increase was primarily
due to the substantial subsidy offered on conventional urea.
However, when evaluated based on the price of unsubsidized
urea, the use of N75PK along with two foliar sprays of nano-urea
led to a cost saving of US $21.9 per hectare. This highlights the
economic advantage of nano-urea when traditional subsidies
are excluded.

Government provides subsidies on fertilizers, to make them
more accessible and affordable for farmers. Historically, these
subsidies have promoted fertilizer use, contributing to significant
yield increases. However, recent studies (Kishore et al., 2021)
indicate that their impact on agricultural growth and poverty
reduction has diminished over time, while the fiscal burden
continues to grow. Furthermore, fertilizer subsidies have led to
the overuse of urea and the under application of phosphorus (P),
potassium (K), micronutrients, and organic amendments,
especially in India and Nepal. This imbalance contributes to
soil degradation, groundwater contamination, and greenhouse
gas emissions. Moreover, these subsidies can discourage
innovation in fertilizer development and crowd out
investments in agricultural research and development (Gulati
and Banerjee, 2015).

According to Fertilizer Statistics 2023–24, the total national
requirement of urea was 38.45 million tons, with 31.41 million
tons produced domestically and 7.04 million tons imported,
incurring an import expenditure of USD 2.6 billion. This
underscores the need to enhance urea-use efficiency or adopt
novel alternatives such as nano-fertilizers to alleviate the
growing economic burden on both the government and
farmers. Economically, the gross returns, net returns, and B:C
ratio under N100PK + nano-urea were higher than most other
treatments, with the exception of N75PK + nano-urea and
N100PK alone. This demonstrates that two foliar sprays of
nano-urea can effectively reduce the nitrogen requirement by
up to 25% without compromising profitability. Based on this
potential, approximately 9.6 million tons of urea or 25% of
India’s total urea requirement could be replaced with nano-urea,
potentially saving up to USD 3.4 billion in subsidized costs. The
enhanced yields in nano-urea treatments were due to improved
biomass accumulation and nutrient translocation to
reproductive parts, leading to higher monetary returns and
improved B:C ratios. Overall, the combined use of nano-
fertilizers with conventional fertilizers emerged as a cost-
effective and profitable nutrient management strategy. These
findings are in agreement with studies by Upadhyay et al.
(2023a), Tripathi and Venkatesh (2025), and Zia et al. (2025),
which also reported maximum economic returns and higher
benefit–cost ratios with foliar application of nano-fertilizers.

4.6 Energetics

Energy input was highest for N100PK + nano-urea treatment
followed by N100PK and the difference between these two
treatments was only 43 MJ ha-1 due to addition of nano-
urea. This suggests that nano-urea production requires
relatively low energy, making it an energy-efficient
technology. The energy equivalent for producing 1 L of
nano-urea is 4.26 MJ (Upadhyay et al., 2023b), whereas the
energy requirement for producing 1 kg of conventional
nitrogen is 60.6 MJ (Devasenapathy et al., 2009). Thus,
reducing 25% of the nitrogen requirement in maize through
nano-urea application represents a highly efficient energy-
saving strategy. Energy output and net energy returns were
higher under N100PK + nano-urea and were statistically at par
with N100PK and N75PK + nano-urea which was mainly due to
statistically similar yields. While, higher energy use efficiency
was recorded under N75PK + nano urea over rest of the
treatments which was due to the reduction of 25% dose of N
and statistically similar yields with that of N100PK + nano-urea
and N100PK treatments. Based on these findings, N75PK +
nano-urea emerge as the most energy-efficient alternative
compared to N100PK-based treatments. Upadhyay et al.
(2023b), also reported higher energy use efficiency under
N75PK + nano-urea in maize, wheat, and pearl millet.

4.7 Greenhouse gas emissions (GHG)

Though the results are based on secondary assumptions, the
results provided a deep insight on the understating of GHG
emissions in each treatment. The tradeoff between yield and
reduction in GHG emissions was observed with N75PK +
Nano-urea treatment, primarily due to 25% reduction in
nitrogen application compared to N100PK treatments. This
reduction in nitrogen input contributed to lower GHG
emissions, while maintaining comparable yield levels. Since
urea production emits significantly more GHG kg-1 compared
to nano-urea, replacing a portion of conventional urea with nano-
urea effectively lowered overall emissions, demonstrating its
potential role in mitigating the environmental impact of
nitrogen fertilization (Upadhyay et al., 2023b; Tripathi and
Venkatesh, 2025).

5 Conclusion

We conclude, based on a 2-year study that integrating nano-
urea with conventional fertilizers significantly enhances
growth, yield, nutrient uptake and economic returns while
reducing GHG emissions in rainfed maize. Application of
75% RDN + recommended PK along with two foliar sprays
of nano-urea (1,250 mL ha-1) resulted in grain yield comparable
to the full recommended nitrogen dose with or without nano-
urea spray (N100PK + Nano-urea and N100PK). Furthermore,
application of 75% recommended N with foliar spray of nano-
urea gave statistically similar net returns and B:C ratio,
indicating that nitrogen application can be reduced by
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25% without compromising on yield or profitability.
Additionally, energy use efficiency was greater for N75PK +
nano-urea treatment compared to other treatments. Notably,
the N75PK + nano-urea treatment recorded lower GHG
emissions than N100PK treatment, primarily due to the 25%
reduction in conventional nitrogen fertilizer use. The
integrated use of conventional and nano-fertilizers thus
offers a promising strategy to optimize productivity, improve
resource-use efficiency, and promote environmental
sustainability. Adoption of this approach could reduce the
national subsidy burden on the Government of India, lower
GHG emissions from urea production and use, and decrease
water and electricity consumption in fertilizer manufacturing.
However, long-term studies are needed to assess the impacts of
nano-fertilizer use on soil health, crop quality, and
sustainability, and the results should be validated across
different crops and agro-ecological zones before being
translated into policy.
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