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Abstract
Green approach is one of eco-benign synthesis techniques and in the current investigation, manganese dioxide (MnO2) NPs 
are prepared using potato leaf extract and as a nanofertilizer, their effects were evaluated on photosynthetic pigments, growth, 
and antioxidant properties of cowpea (Vigna unguiculata) cultivar. The green-synthesized NPs were characterized for sur-
face morphology and structure using SEM and XRD techniques. The functional groups were monitored by FTIR (Fourier 
transform infrared) spectroscopy analysis, which reveals that nanoparticles were of variable shapes, uniformly distributed 
with average particle size of 26 nm. The MnO2 NPs were applied as nanofertilizer to cowpea via soil and foliar applications. 
For both applications, five treatments were used, including control, salt, and three concentrations of MnO2 NPs (25, 50, and 
75 mg/kg). The NPs after sonication were applied directly through soil and a spraying bottle was used for foliar application. A 
significant increase in plant growth by 67.1 and 45.3 (%), photosynthetic pigments by 52.8 and 39.2 (%), and non-enzymatic 
antioxidant activity by 56.25 and 49.6 (%) were observed for soil and foliar application, respectively. The effect of soil appli-
cation was better versus foliar application to enhance the chlorophyll, growth characteristics, and non-antioxidant enzymes. 
Findings revealed that the MnO2 (nanofertilizer) increased the growth and yield of cowpea cultivars and has the potential to 
be used as a nanofertilizer for crops grown in Mn-deficient soils to increase crop productivity and yield.

Keywords  Green synthesis · Manganese dioxide · Potato leaf extract · Nanofertilizer · Crop nutrients · Growth 
characteristics · Cowpea cultivar

1  Introduction

To date, the supplement of food to the world’s increasing 
population in a sustainable way is the major global issue [1, 
2]. The recent global production of food is 7.8 billion, which 
is increasing day by day and will reach around 10 billion by 
2050 [3]. It is described that 70 to 100 (%) additional food 

will be essential to feed the increasing population. Therefore, 
the use of fertilizers, genetically modified and disease-resist-
ant diversities has become common in agriculture. Nutrient 
fertilization governs an important part in maintaining the soil 
quality and increasing crop yield and productivity. In fertili-
zation practice, chemical fertilizers not only contain macro-
nutrients, nitrogen, phosphorous, calcium, potassium, and 
magnesium, but also micronutrients that are also important 
to enhance growth and ultimately the field of the crops. It is 
observed that the 70% of crop production and yield depend on 
fertilizers and remaining parts depend on the forming practice 
[4, 5]. The fertilizer application as a nutrient directly to soil 
or foliar application increased the yield of crops [6]. 
The continuous conventional applications of synthetic 
fertilizers have caused a failure in soil expected fertil-
ity, biodiversity, economic losses, and environmental 
pollution. In this regard, the scientists/agriculturists are 
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paying more attention for more effective fertilization of 
land for the betterment of agriculture [7–10].

Micronutrients, also known as trace elements, are crucial 
for plant growth. Their shortage can disrupt healthy vegeta-
tion and result in plant diseases and ultimately leads to low 
yield [9]. Micronutrient deficit is common in Asian coun-
tries owing to the argillaceous flora of topsoil, low organic 
matter percentage in soil, continuous drought, high pH, salt 
stress, bicarbonate content in water, and excessive appli-
cation of different chemical fertilizers. Various effects of 
deficiency of micronutrients persuaded stress in different 
plants resulting in low yield and production, defective plants 
morphology, and extensive influx of different diseases [6]. 
In the case of argillaceous soils, the conformist conception 
is that micronutrients enhance crop yield by 15 to 30 (%), 
and in some cases, grain yields up to 50% and enhances 
micronutrient proficiency. By delivering plants with differ-
ent micronutrients via foliar, soil supplement, and seed treat-
ment, the yield and quality of crop can be enhanced. The 
Mn is an imperative micronutrient as it plays a crucial role 
in the metabolism of plants, which is delivered to plants in 
different forms including Mn (II, III, and IV). It controls the 
free radical effects which damage the cell [9]. It enhances 
the photosynthesis and respiration process in plants. Enzyme 
activated by Mn includes PEP, malic, PAL and isocitrate 
dehydrogenase. Different proteins are formed in the plants 
in the presence of Mn, which enhance the synthesis of flavo-
noids, amino acids, and lignin [11]. The Mn is an important 
part of the photosystem II (PSII) machinery and it provides 
the take part in the photosynthetic process in an electron 
transport chain. Mn also takes part in the enzyme activation 
and is a part of chlorophyll synthesis (cofactor), hormone 
acceleration, and amino acid formation (Ducic and Polle, 
2005). To cope against environmental stresses, the Ms is 
also very imperative in plants, which induce a resistance in 
the plant during stress stages [12].

It is observed that very minute amount of applied con-
ventional fertilizer reaches the utility points plants without 
losing of dose, hydrolyses, drift, and photolytic degradation 
(Qureshi et al., 2018). To overcome this loss and increase the 
crop productivity, nanotechnology with potential applica-
tions as nanofertilizers and bio-fertilizers plays an important 
role, due to antimicrobial activity and nanomaterial coat-
ing [13]. The word “nanofertilizer” refers to a nanomaterial 
that is used to fertilize either in terms of macronutrients or 
micronutrients, or plant nutrients with small size (nm range). 
Due to less quantity used and easy reach to target site in 
minute quantity, nanofertilizer is favored versus chemical 
fertilizers, which enhanced nutrient uptake and increased 
plants growth, yield, and production without any negative 
impact on plants and soil. Nanofertilizer is a revolutionary 
field in agriculture that is effective and eco-friendly. Nano-
technology used in the field of agriculture has the capability 

to raise and implement the innovative tools, for nutrient pre-
cise forming, nutrient absorption, and disease treatment [5, 
6, 12]. In the future, the nanostructure-based catalyst with 
low dose will enhance the efficiency of herbicides and pes-
ticides. Accurate farming has increased the productivity by 
providing exact information about soil and weather condi-
tions. Nanotechnology helps to detect plant diseases and to 
cure the disease using different materials [13, 14].

Nanoparticles are the particles having a size in 10 to 
100 nm range, at least in one dimension not more than 
100 nm. Different techniques of producing nanoparticles 
from bulk materials result in exclusively improved surface 
area, thermal, electrochemical, and optical characteristics 
[15–17]. These ideal assets of NPs are accountable for their 
use in every field of life, i.e., biomedical, catalysis, energy, 
industry, electronics, communications, engineering, micro-
biology, and agriculture [18–21]. Two main methods used 
for the nanoparticles (NPs) synthesis include top-down and 
bottom-up approaches. Top-down method is a destructive 
method of synthesis, in which nanoparticles are synthe-
sized from bulk materials, and in bottom-up method, small 
atoms and molecules are aggregated for the preparation 
of NPs [22–24]. Nanofertilizers (NFs) can be established 
from synthetic materials, or green synthesized using differ-
ent plant materials with different biological, mechanical, or 
chemical approaches using nanotechnology. Metal and their 
analogous oxides broadly transformed into nanoparticles by 
using physicochemical and biological methods. In chemi-
cal method of synthesis, different metal salts are used as 
precursor for the fabrication of NPs, and different reducing 
and capping agents are also used during the chemical reac-
tion for stabilization of NPs [25, 26]. In biological method 
of synthesis, different plant materials are used as reducing 
agents with metal salts as precursor. The supremacy of green 
synthesis over chemical method is that the plant extract acts 
as both stabilizing and capping agents for the synthesis of 
nanoparticles. With increasing demand for green process 
and system for sustainable development, the green meth-
ods for the synthesis of nanomaterials via plants, microbes, 
and other biotical agents attracted much attention in recent 
decades [20, 27, 28]. Green fabrication of NPs has been a 
focus of recent studies by researchers using an eco-friendly 
technique. Much study has been conducted on the synthesis 
of plant extract–assisted NPs and their prospective uses in 
numerous fields due to their low cost, nontoxic approach, 
ease of availability, and environmental friendliness. The 
green routes for NP formation follow the principles of green 
chemistry for the synthesis of nanoparticle to use them as a 
nanofertilizer [22, 25].

The extracts of different plants, bacteria, fungi, algae, and 
yeast are used in green synthesis and bioactive agents in the 
extract act as a reducing agent. The potato is a tuberous crop 
noted for its high carbohydrate content. It has an abundance 



Biomass Conversion and Biorefinery	

1 3

of starch molecules as well as benign, biodegradable chemi-
cals and is water soluble; as a result, it may be efficiently 
used in the green synthesis of metal NPs that serve as 
reducing, capping, and stabilizing agent [19, 29]. Hydro-
lyzing the boiling fresh starch-rich potato yields massive 
amounts of glucose and starch. Furthermore, other organic 
biomolecules in potato extract (aldehyde, hydroxyl and car-
boxyl groups) contribute more functional moieties, which 
play role in the formation of NPs [30]. Following our prior 
investigations on NPs, the green route is simple, low cost, 
and efficient approach for NPs fabrication, i.e., magnetite 
NPs using starch-rich potato extract were prepared without 
using chemical additives. Before this study, green synthe-
sis of pure magnetite NPs has also been undertaken using 
potato extract [31] and however, the synthesis of MnO2 has 
not been reported previously, which has been investigated 
in this study.

In view of promising efficiency of nanofertilizer, a lot of 
work has been done by the researchers and promising response 
has been reported for different metal oxide NPs for different 
cultivars, i.e., Azam et al. [6] documented the application 
of zinc nanofertilizer effect on zea mays plant. A promising 
acceleration in growth, photosynthetic pigments, and antioxi-
dant moieties has been reported. Similarly, Salama et al. [32] 
investigated the effect of foliar MnO2 NPs on growth (vegeta-
tive), yield, and biochemical of the common dry bean and it 
was observed that Mn in nano form absorbed very well by 
the plants and a significant improving its development and 
productivity was observed. Also, Shebl et al. [33] documented 
similar observation that MN-Zn ferrite as a nanofertilizer has 
promising efficiency on the growth of squash plant. The use of 
ferrites as foliar nanofertilizer boosted squash plant develop-
ment and yield across two seasons, with the maximum fruit 
output per hectare (54.8 and 55.2 t/ha).

Despite the fact that micronutrients are compulsory and 
nanofertilizer has a tremendous potential to overcome, these 
deficiencies of the soil and application of nanofertilizer is 
required at a moderate rate. In this context, the present 
research work was carried out to prepare the MnO2 and its 
subsequent application as a nanofertilizer was performed for 
Cowpea cultivar. Different physiological and biochemical 
parameters were observed at different concentration of NP 
doses applied as a nanofertilizer and response thus observed 
were compared with controls.

2 � Material and method

2.1 � Green synthesis of MnO2 NPs

For potato leaf extract, fresh plant leaves were obtained from 
the Botanical Garden, University of Agricultural (UAF), 
FSD, Paki, washed with distilled water thoroughly, chopped, 

and grinded using juice extractor. The extract was heated at 
50 °C by adding 1:2 ratio of leaves and water for the extrac-
tion, filtered using Whatman filter paper, cooled, and stored 
at 4 °C till further use. A 0.1 M of MnCl2.4H2O solution was 
prepared in a 500-mL beaker and stirred using a magnetic 
stirrer at 50 °C. Freshly prepared 50 mL of extract was added 
drop-wise in the above solution using a burette. During stir-
ring, a color change was seen from colorless to brown, which 
was an indication of reduction of ions to atoms. The pH of 
the solution was adjusted to basic using hydrazine. Stirring 
was continued for 3 h for complete reduction. The resultant 
solution was centrifuged for the removal of impurities using 
water and ethanol. The precipitates were dried at 60 °C, and 
after drying, the nanoparticles were calcined at 400 °C 3 h. 
The NPs thus collected were stored in air-tight bottles for 
future use.

2.2 � Properties of the nanoparticles

The phase formation and structure (crystal) of the samples 
were studied using XRD analysis with a Cu-K X-ray source 
(1.5406) in the scanning angle range of 2θ = 20–80° (Philips 
X'Pert PRO, XRD). The SEM analysis has employed sur-
faces using Hitchi-S-3400 N SEM at 30 kV voltage. FTIR 
was performed to check the presence of functional groups. 
Zeta potential was measured as it is helpful in measuring 
surface charge of the NPs. It also provides the information 
of stability of nanoparticles, and magnitude of zeta potential 
represents the increase in stability due to electrostatic repul-
sion present in the nanoparticles.

2.3 � Application as nanofertilizer

2.3.1 � Growth conditions, treatments, and design

The current study was conducted at the PARS (Post Agricul-
ture Research Station), UAF. The seeds of Vigna unguicu-
lata (Cowpea) were procured from the AARI, Faisalabad, 
and planted at a depth of 2 cm in sand pots filled with 5.5 kg 
black sand. The treatment used a randomized fully block 
design (RCBD) with six replicates per treatment to elimi-
nate any spatial impact. Five treatments were prepared for 
the soil application (application of nanofertilizer through 
roots) of nanofertilizer including (1) a pot of control, with 
no nanofertilizer, (2) a pot, which received Mn salt, and (3) 
3 pots with 25, 50, and 75 mg/kg concentration of nanoferti-
lizer were applied. Soil application (application of nanoferti-
lizer through roots) was done by mixing nanofertilizer with 
water and sonicated for 1 h at 40 °C temperature to make 
the suspension each time. Each above-mentioned concentra-
tion was poured into each pot, respectively. For the foliar 
application of nanofertilizer, 3 treatments were designed at 
25, 50, and 75 mg/L concentration along with a control pot. 
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Foliar application was done using spraying machine. For 
both foliar and soil nanofertilizer application, 5 plants were 
grown in each pot. Hoagland solution was made in stock and 
applied to pots to provide other necessary nutrients to the 
plants [34]. The nanofertilizer solution is prepared distilled 
water and sonicated for 1 h at 40 °C to make the suspension 
each time. Foliar application was done at alternate days for 
14 days starting after 4 weeks of germination using spray-
ing machine. After 42 days (germination), the sample were 
collected, and shoots and roots are separated and cleaned for 
the removal of mud clumps in roots (0.2 mM CaCl2).

2.3.2 � Response measurements

Various characteristics were investigated to determine the 
impact of the nanofertilizer. The plant physical metrics, such 
as weight, length, and leaf area, were measured. Just after 
harvest, the fresh weight of the plants was measured. The 
dry weight of the plants was determined after drying them 
in an oven at 60 °C for 24 h. The chlorophyll a, chloro-
phyll b, and carotenoids contents were measured [35]. Plant 
material (0.1 g) was ground in a mortar and pestle acetone 
(2 mL, 80%) and then 8 mL of 80% acetone was added. After 
12 h, absorbance was recorded at 645, 663, and 480 (nm) 
for chlorophyll b, a, and total carotenoids, respectively (CE 
Cecil 7200, UK).

The TFC was monitored using Folin-Ciocalteu reagent 
[36]. A 100 μL of extract was mixed in 0.2 mL FC reagent, 
left in dark for 10 min at 25 °C, and then, 0.6 mL of 0.2 mM 
of Na2CO3 is added and kept for 2 h and at 765 nm absorb-
ance was recorded and TPC was expressed as mg GAE/g 
dry weight of the sample. The TFC was estimated using 
Alara et al. [37]. A 2 mL of methanolic extract is mixed 
with AlCl3 (2 mL, 2%) in ethanol and kept at 25 °C for 
2 h and at 420 nm absorbance was monitored and TFC was 
expressed mg quercetin equivalent/g of sample. Anthocya-
nin was measured following Wahid [38]. For this, extraction 
of leaves is performed in acidified methanol (1% HCl) and 
filtered and absorbance was measured at 535 nm. Ascorbic 
acid was determined following Mukherjee and Choudhuri 

method [39]. The dinitrophenyl hydrazine 2% (2 mL) was 
mixed with extract (4 mL) fowling thiourea addition (1 drop 
of 10% in 70% ethanol), boiled for 15 min, and cooled down 
and H2SO4 (5 ml of 80%, v/v) was added at 0 °C and finally, 
absorbance was noted at 530 nm and concentration was 
measured using vitamin C curve.

The root and shoot (dry) were ground to fine powder and 
mixed with 100 mL of methanol (250 mL flask), centrifuged 
for 8 h at 150 rpm, filtered and concentrated using a rotary 
evaporator to dryness, and weighed. The yield (%) was esti-
mated using relation shown in Eq. 1 [40].

2.4 � Statistical analysis

The ANOVA (analysis of variance) is undertaken to find 
the mean and standard deviation of triplicate sample and 
significance level among the treatments. The Tuckey test is 
employed for the comparison of effect of nanofertilizer for 
all the treatments using Minitab software.

3 � Results and discussion

3.1 � Characteristics of MnO2 NPs

The morphological and surface analysis was done by 
scanning electron microscope (SEM) and responses thus 
observed are shown in Fig. 1. The average diameter of the 
nanoparticles calculated was 26 nm. These results expressed 
that nanoparticles are in nano-size range and uniformly dis-
tributed. The particle at nano-size can act as efficient ferti-
lizer due to their fast absorption by the plant tissues. One 
of the major advantages of green-synthesized nanoparticles 
is their safety to use them as a nanofertilizer. Nanoparti-
cles were of variable shapes, uniformly distributed, and in 
agglomerates form, which is due to the interaction among 

(1)Yield (%) =
Weight of extract after evaporating solvent and freeze drying

Weight of dry sample
∗ 100

Fig. 1   SEM images of MnO2 
NPs prepared using potato leaf 
extract
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the biomolecules on the surface of NPs from the extracts. 
Figure 2 shows the XRD pattern of the MnO2 structure 
was tetragonal and crystalline (JCPDS #44–0141). Diffrac-
tion peaks at 2θ: 32.4°, 35.6°, 39°, 48.9°, and 58.8° can be 
indexed to the planes (200), (310), (101), (211), and (521), 
respectively. The average crystal size determined from XRD 
data using the Scherrer relation was around 26 nm (Fig. 3). 
FTIR with wavelength range of 650–4000 cm−1 measured 
MnO2 NPs shown in Fig. 4. The broad peak is observed 
at 3267 cm−1 which is due to –OH bond on the surface of 
nanoparticles. The peak observed at 2924 cm−1 indicates 
the -CH bond. The band observed at 1701 cm−1 is due to 
C = C. Sharp peak appeared at 1602 cm−1 is due to stretch-
ing of C = O bond. The peak at 1026 cm−1 represents the 
metal–oxygen bond (M–O) and it shows the presence of 
MnO2 NPs and also these observations are in line with the 
previous reports [41].

3.2 � Effect of nanofertilizer on plant growth

The results of the trials were evaluated to determine the 
influence of soil and foliar applications of MnO2 nanofer-
tilizer on plants’ various properties. Taking into account 
both treatments and their different concentrations, a one-
way ANOVA was employed to examine the sources sepa-
rately as well as their type of influence on the various plant 
attributes. Each approach, soil (Fig. 5) and foliar (Fig. 6) 
showed an accelerating effect on the growth characteris-
tics of the plants. Varied amounts of MnO2 NPs elicited 
different responses from Vigna unguiculata in terms of 
physical and biochemical features. The nanofertilizer had 

a substantial effect on all of the plant parameters evaluated 
versus control plant under similar conditions. The data in 
Tables 1 and 2 revealed that all the three levels of MnO2 
nanofertilizer treatments (soil and foliar), respectively, 
showed a significant impact (P < 0.05) on weight (dry 
and fresh) of root and shoot versus controls. In the case 
of foliar treatment, yield (%) obtained at FC2 (50 mg/L) 
was improved significantly versus FC1 (25 mg/L), FC3 
(75 mg/L), and control. Similarly, the yield (%) for SC2 
(50  mg/kg) was significantly higher versus controls, 
Mn salt treatment, SC1 (25  mg/kg), SC3 (75  mg/kg), 
and control in MnO2 soil treatment. The positive effect 
of Mn nanofertilizer was observed in all the aspects of 
plant growth characteristics. Also, previous findings sup-
port these observations that nanofertilizer has potential 

Fig. 2   XRD pattern of MnO2 NPs prepared using potato leaf extract

Fig. 3   Particle size analysis of MnO2 NPs prepared using potato leaf 
extract

Fig. 4   FTIR analysis of MnO2 NPs prepared using potato leaf extract
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to improve the growth, biochemicals, and physiological 
attributes, i.e., the effect of MnO2 was studied in Pha-
seolus vulgaris plant and the NPs affected the growth and 
yield significantly versus control [32]. Similarly, Shebl 
et al. [33] also investigated the effect of nano MnO2 ferri-
tes on the squash plant in different seasons, and resultantly, 
the growth and yield of plant were enhanced significantly. 

The negative effect of SC3 on the plant is due to the toxic 
effects of higher concentration of nanofertilizer. As a 
result, when applying nanofertilizer to plants, a moderate 
dose is crucial. In soil containing some micronutrients, 
even in trace amounts, the nanofertilizer concentration 
should be applied moderately to avoid the negative impact 
on plants as well as soil.

Fig. 5   Vigna unguiculata plants supplemented with MnO2 as nanofertilizer through soil application

Fig. 6   Vigna unguiculata plants supplemented with MnO2 as nanofertilizer through foliar application

Table 1   Vigna unguiculata plants growth characteristics supplemented with MnO2 as nanofertilizer through soil application

Five plants in each pot in six replicates were grown. One-way ANOVA was used to deduce the significance of the data. Different alphabets pre-
senting the significance difference among the samples at 95% confidence internal of mean

Samples Shoot 
length 
(cm)

Root length (cm) Shoot fresh 
weight (g)

Root fresh 
weight (g)

Shoot dry 
weight (g)

Root dry 
weight (g)

Leaf area (cm)2 Shoot yield (%) Root yield (%)

Control 16e 20e 7.1e 3.4e 0.74e 0.36d 11.81e 2.62e 2.34e
Salt 21c 24.5c 8.2b,c 4.12c 0.81c 0.41c 13.5c 3.35c,d 2.92d
SC1 23b 27b 9.7b 5.01b 0.96b 0.50b 15.75b 4.18b 3.63b
SC2 26a 34a 11.5a 6.13a 1.20a 0.61a 24a 4.91a 4.51a
SC3 19d 22d 7.8d 4.01c,d 0.78d 0.40c 12.4d,e 3.54c 3.31c
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3.3 � Photosynthetic pigments

The results revealed that applying nanofertilizer to plants 
resulted in a considerable improvement in the photosynthetic 
pigments of the cowpea plant. Table 3 displays all foliar and 
soil application levels’ effect on chlorophyll contents. The 
concentrations of chlorophyll (a, b) and carotenoids dem-
onstrated a highly significant influence of nanofertilizer in 
both soil and foliar treatments. The photosynthetic pigment 
contents in cowpea plant treated with nanofertilizer is much 
higher than in control and Mn salt. The Mn is an important 
micronutrient that acts as a cofactor for multiple enzymes 
take part in various physiological processes and metabolic 
pathways, i.e., photosynthesis, ATP formation, chlorophyll, 
proteins, and fatty acids as well as secondary metabo-
lites. The previous studies also support these findings, 
i.e., de França Bettencourt et al. [21] inspected the effect 

of nanofertilizer of Mn and resultantly, the photosynthetic 
pigments accelerated considerably in plants treated with 
nanofertilizer versus control. Similarly, Murgueitio-Herrera 
et al. [42] reported a 7.1% increase in chlorophyll contents in 
response of nanofertilizer application to the plants.

3.4 � Antioxidant activity

The nanofertilizer application exerted a momentous effect 
on the antioxidant (non-enzymatic) system of cowpea plant. 
Tables 4 and 5 show control, salt, and all three levels of soil 
and foliar treatment data, respectively. Plants treated with 
nanofertilizer showed higher antioxidant concentrations, such 
as TPC, ascorbic acid, TFC, and anthocyanin as compared 
to chemical Mn fertilizer and the control. These findings 
were also supported by previous studies, i.e., Shebl et al. 
[33] studied the effect of Mn-Zn ferrites nanofertilizer in 

Table 2   Vigna unguiculata plants growth characteristics supplemented with MnO2 as nanofertilizer through foliar application

Explanation as given in Table 1

Samples Shoot length 
(cm)

Root length 
(cm)

Shoot 
fresh Wt 
(g)

Root fresh Wt 
(g)

Shoot dry 
weight 
(g)

Root dry 
weight 
(g)

Leaf area 
(cm2)

Shoot yield 
(%)

Root yield %)

Control 16c 20.1d 7.1c,d 3.2d 0.60d 0.32d 10.31d 2.49d 2.24d
Salt 17.5b,c 23.7c 7.2c 3.9c 0.71c,d 0.39c 11.25c 2.91c 2.66b,c
FC1 18.5b 26.4b 8.1b 4.6b 0.82b 0.45b 12.38b 3.34b 2.84b
FC2 21a 29.3a 9.9a 5.9a 0.98a 0.58a 15.75a 4.16a 3.11a
FC3 16c 21c,d 6.8d 3.5c,d 0.69c 0.34d 10.7c,d 3.40b 2.44c,d

Table 3   Vigna unguiculata plants Photosynthetic pigments contents supplemented with MnO2 as nanofertilizer through soil and foliar applica-
tions

Explanation as given in Table 1

Samples Chlorophyll a Chlorophyll b Carotenoids Samples Chlorophyll a Chlorophyll b Carotenoids

Control 1.08e 0.566e 0.804d Control 0.746d 0.342d 0.669d
Salt 1.18b,c 0.601c 0.869c Salt 0.911b 0.391d 0.771c,d
SC1 1.21b 0.677b 0.951b FC1 0.898b 0.525b 0.794c
SC2 1.50a 0.801a 1.12a FC2 1.026a 0.644a 0.896a
SC3 1.12d 0.588d 0.745e FC3 0.788c 0.402c 0.712b

Table 4   Vigna unguiculata plants non-enzymatic antioxidant contents supplemented with MnO2 as nanofertilizer through soil applications

* mg of GAE/5 g d.w, **mg of CGE/5 g d.w. Explanation as given in Table 1

Samples Shoot TPC* Root TPC* Shoot TFC* Root TFC* Shoot TAC** Root TAC** Shoot TasC** Root TasC**

Control 27.37e 16.72e 15.40e 11.61e 0.69e 0.12d,e 0.64e 0.39e
Salt 29.11d 19.62d 16.66d 13.01d 0.84d 0.14d 1.79d 0.86d
SC1 32.73b 21.56c 18.01c 14.19c 0.99b,c 0.17b,c 2.25c 1.41c
SC2 35.45a 24.15a 21.50a 16.33a 1.71a 0.22a 3.14a 2.61a
SC3 30.91c 22.51b 19.61b 15.17b 0.94c 0.19b 2.89b 2.15b
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Cucurbita pepo L and found significant positive effect on 
the growth, biochemicals, and yield of plant. Also, Sedefo-
glu et al. [43] prepared ZnO nanoparticles via a green route 
using Ganoderma lucidum, which was applied as nanofer-
tilizer. The ZnO NPs significantly enhanced the crop yield 
along with nutrient uptake in cherry tomato plants. In a more 
recent study, Azam et al. [6] prepared ZnO and used as a 
nanofertilizer for maize cultivar and it was observed that the 
growth, antioxidant moieties, and photosynthetic pigments 
were enhanced significantly. Based on the findings, the use of 
nanofertilizer application was suggested to enhance the plant 
growth and yield. Similarly, Abdulhameed et al. [10] reported 
the cabbage growth and yield in response of nanofertilizer 
and nanoparticles. The effect on the growth parameters of 
cabbage showed dependence on the type of nanofertilizer and 
nanofertilizer also enhanced the NPK uptake in cabbage plant 
and resultantly, the growth and yield were enhanced signifi-
cantly. The nanofertilizer is more efficient versus conven-
tional fertilizers because a different mechanism is involved 
for the working of NPs as a nanofertilizer, i.e., absorption 
of nanofertilizer is taken place via various modes like binds 
with carrier proteins, enter ion channels, or endocytosis or 
through aquaporins, binds with organic moieties. Hence, the 
nanofertilizer has absorbed the plant tissues more efficiently, 
which play an imperative role to avoid the loss of fertilizer 
in the environment. The use of nanofertilizer gained much 
attention in recent time and various types of nanofertilizer 
have been prepared and their effect on plant growth have 
also been trialed [6, 10]. However, still researcher attention 
is required to deduce optimal amounts of different nanofer-
tilizer for their efficient use without any loss in the soil and 
environment. Moreover, nowadays, the environmental pol-
lution is one of major issues due to anthropogenic activities 
[44–47]; therefore, there is need to develop and adopt the 
new methods for the synthesis of materials. In this regard, 
the green route for the synthesis of NPs is one of eco-benign, 
facile, cost-effective, and efficient methods, which could be 
preferred over of the conventional synthesis techniques [15, 
17, 25, 26, 28, 29]. Also, the NPs prepared via green route 
are safer [23, 24] and more effective as a nanofertilizer versus 
chemical synthesized fertilizer.

4 � Conclusion

The MnO2 was prepared via a green route and their effi-
ciency as nanofertilizer was evaluated, which increase the 
growth, photosynthetic pigments, biochemicals, and anti-
oxidant property of yield and nutritious values of cowpea 
plant. MnO2 nanofertilizer (soil and foliar) application 
showed a significant impact on the growth of the cowpea 
plants versus controls. The best yield and quality of plants 
were observed when MnO2 was applied @50 mg/kg of soil 
as a nanofertilizer. The MnO2 nanofertilizer treatments 
exerted a substantial influence on plant metrics such as 
plant height, plant yield, growth, photosynthetic pigment 
contents, and antioxidant (non-enzymatic) system. These 
observations revealed that the MnO2 synthesized via green 
route as highly efficient supplement for the cowpea crop 
and in comparison, to the chemical/synthetic fertilizer, the 
nanofertilizer prepared via green route is safer, which could 
be employed as a substitute to the conventional fertilizers to 
manage crops in a sustainable way.
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Table 5   Vigna unguiculata plants non-enzymatic antioxidant contents supplemented with MnO2 as nanofertilizer through foliar application

Explanation as given in Tables 1 and 4

Samples Shoot TPC* Root TPC* Shoot TFC* Root TFC* Shoot TAC** Root TAC** Shoot TasC** Root TasC**

Control 25.38e 15.92e 13.71d 10.51d 0.59d 0.09d 0.48e 0.51e
Salt 27.22d 17.36d 14.02c 12.06c,d 0.71c 0.11c 0.97d 0.91c
FC1 31.91b 22.31b 18.51b 12.82c 0.89b 0.15b 1.82b 1.37b
FC2 35.05a 25.11a 23.96a 15.71a 1.1a 0.19a 2.61a 1.95a
FC3 29.83c 20.67c 18.42b,c 14.1b 0.84b,c 0.14c 1.49c 0.73d
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