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Abstract 

ZnO and α-Fe2O3 nanoparticles are synthesized employing simple eco-friendly wet 

chemical methodsto promote sustainable nanotechnology in agriculture. Two samples 

are evaluated for optical, microstructural, and compositional characteristics. These 

nanoparticles' impact on seed germination and plant growth promotion of Pigeon pea 

(Cajanus cajan Linn.) is assessed. With no harmful effects on seed germination, 

combining ZnO and α-Fe2O3 nanoparticles at a rate of 1:1 improves seeds' 

development and germination percentage. The favourable effect in seedling growth 

parameters (mean germination time, percentage germination, % water uptake, shoot 

length, and root length) and chlorophyll contents (chlorophyll a and chlorophyll b) 

can be associated with the increased absorption of zinc and iron in its nano form into 

the seed via supplements. Our findings additionally indicate that the development and 

germination rate of Pigeon peabecome more favourable as the concentration of NPs 

(at a ratio of 1:1) increases up to a certain level. 
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1. Introduction 

The current state of managing nutrition in the soil and plants is compatible with the benefits of nanotechnology. 

Food production and quality are significantly reduced, and human health is negatively impacted by the lack of 

nutrients in soils subjected to degradation and inadequate land management[1].The nanoparticles (NPs) have a 

major impact on the development and promotion of seed germination[2-4]. Furthermore, because these NPs 

have a larger surface energy than ordinary surfaces, they may be able to aid in the delayed release of nutrients, 

primarily into the plant[5,6]. 

 

Numerous studies have examined the impact of zinc oxide and iron oxide NPs separately on the 

development, productivity, and quality of significant crops [7–10]. Plant growth metrics including plant height, 

branch count, and pod number are all negatively impacted by low soil zinc (Zn) availability.  

Zn levels in seed and tissue, as well as seed yield, are influenced by plant metabolism through decreased 

enzyme activity [7]. Several studies have demonstrated that treating seeds with zinc oxide causes a variety of 

biochemical changes in the seed that are necessary to initiate the germination process, including imbibition, 

enzyme activation, hydrolysis or metabolization of inhibitors, and breaking of dormancy [4].On the other hand, 

several investigations have reported the impact of iron oxide NPs on the growth, production, and quality of 

significant crops [8]. The iron oxide NPs may induce oxidative stress in crops and change photosynthesis and 

mineral nutrition. Furthermore, iron oxide nanoparticles enhance agricultural growth, particularly in soils where 

iron is severely deficient and restricts plant physiology [8]. Enhancing food quality, decreasing negative 

environmental effects, and increasing nutrient efficiency are all possible by developing and applying iron oxide 

as nano nutrients [4]. So, individually bothzinc oxide and iron oxide NPs can playavery importantrole 

inaccelerating the germination process and seedling growth. In the present study,aconcoction of zinc oxide and 

iron oxide NPs is supplemented tothe seeds to acquire the combinedpositiveimpactfrom both the NPs in seed 

germination and seedling growth. 

In the present research, Pigeon pea (Cajanus cajan Linn.) is chosen because of its nutritional 

significance. Furthermore,they are also the ideal source of protein supplements for diets that often consist of 

cereals, helping to make up for any nutritional deficiencies[11]. It is still the least utilized pulse crop in the 

world. In appropriate quantities, both mature and immature Pigeon pea seeds contain protein, carbs, minerals, 

vitamins, and vital amino acids[12]. With nutrients similar to those of corn and soybeans, Pigeon pea has the 

greatest potential for use as food and feed. The green leaves, roots, seeds, and pods of Pigeon pea are rich in 

phenolic compounds, which have the potential to treat illnesses such as measles, smallpox, chicken pox, sickle 

cell anemia, fever, dysentery, hepatitis, and antimalarial drugs for the body[13]. These compounds also have 

anti-inflammation, antibacterial, antioxidant, and antidiabetic qualities[11]. In general, Pigeon pea products like 

dried grain, fresh (aerial section), and green pods are utilized as an inexpensive source of high-quality and 

quantity of protein food and feed for the subsistence of populations living in tropical and subtropical regions. In 

this study, ZnO and α-Fe2O3 NPs (at a ratio of 1:1) are supplemented to Pigeon pea seeds at rates of zero 

(control), 1, 2, 3, and 4 mg/L water for 10 days. This total treatment is designed for bulk zinc oxide and iron 

oxide (at a ratio of 1:1) to observe the favourable effect of NPs on seedling growth parameters and chlorophyll 

contents. Micronutrients from ZnO NPs and α-Fe2O3NPs are easily absorbed by the seeds due to their 

nanostructure.To the best of our knowledge, this is the first report about the positive impact on the seedling 

growth parameters and chlorophyll contents of Pigeon pea under treatment with combined ZnO and α-Fe2O3NPs 
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(at a ratio of 1:1).In this study, the positive effects of ZnO and α-Fe2O3NPs on seedling growth parameters 

(mean germination time, percentage germination, % water uptake, shoot length, and root length) and chlorophyll 

contents (chlorophyll a and chlorophyll b)has been studied systematically. Under the same conditions, seedling 

growth parameters and chlorophyll contents of Pigeon pea seed differ significantly with varying concentrations 

of NPs.Our results also show that, up to a certain point, seedling growth parameters and chlorophyll contents of 

Pigeon pea get more favorable when the concentration of NPs rises because of nano-supplementation.  

 

2. Experimental details 

2.1. Synthesis of ZnO NPs 

At first, under continual stirring at 60℃, 0.011 mol of Zinc chloride (ZnCl2)(Sigma-Aldrich, purity 99.99%) and 

0.125 mol of sodium hydroxide (NaOH) (Sigma-Aldrich, purity 99.99%) are dissolved in 200 mL and 150 mL 

of distilled deionized (DI) water. NaOH solution is then dropped into the ZnCl2 solution, and the resulting milky 

white solution with no precipitation is stirred for 45 minutes at 60℃. The solution is filtered and dried outside in 

the open air after being washed five times with DI water. ZnO NPs can be produced as a white powder.  

2.2.  Synthesis of α-Fe2O3NPs 

Firstly, 0.04 M of ferric chloride hexahydrate (FeCl3⋅ 6H2O) (Merck, purity 99.99%) is dissolved in 250 ml of 

DI water under continual stirring at room temperature. After that, 6.5 ml of ammonium hydroxide (NH4OH) 

solution (Merck, purity 99.99%) is mixed dropwise into the FeCl3⋅ 6H2O solution. The resulting reddish-black 

solution is stirred for an additional 4 hours. This solution is then filtered with Whatman No. 1 filter paper to 

obtain the precipitates, which are washed four times with DI water. The precipitates are then heated at 90 ℃ 

until they become completely dry. After that, the dried samples are annealed in a muffle furnace for 3 hours at 

400 ℃. To obtain the samples in the form of fine powder, finally, the samples are grounded.  

2.3. Characterizations and Instrumentations 

Using a Bruker D8 Advance diffractometer, the crystallinity of the ZnO NPs is assessed throughout an angular 

range (2θ) of 20-80°. A Zeiss Sigma field-enhanced secondary electron microscope (FESEM) is used to 

examine the morphology of the produced ZnO NPs. A Jasco V-770 spectrophotometer is used to record UV-VIS 

absorption spectra spanning the wavelength range of 300-1000 nm. 

2.4. Experimental exposure of seed germination 

In this research, a combination of ZnO NPs and α-Fe2O3 NPs are added to the Pigeon pea seeds at different 

ratios (at 1:3, 1:2, 1:1, 2:1, and 3:1 ratio) for different concentrations (1, 2, 3, and 4 mg/L water) to optimize the 

favorable effect for the combination of NPs. It has been observed that the most positive impact has been seen in 

seeds for a 1:1 nanoparticle ratio.So, in this report, the positive effects in Pigeon pea seed germination for the 

combination of ZnO NPs and α-Fe2O3 NPs (at a 1:1 ratio) are discussed in detail.The study examines the 

changes in seedfor 4 distinct concentrations of NPs compared to the control group.The ZnO NPs and α-Fe2O3 

NPs (at a 1:1 ratio) are given to the seeds at rates of zero (control), 1, 2, 3, and 4 mg/Lwater for 10 days (Table 

1). This full treatment is also designed for bulk zinc oxide and iron oxide (at a 1:1 ratio) to compare the effects 

of NPs. 10 seeds of the same size are put into each of the 100 ×15 mm Petri dishes that have two layers of 

sterilized filter paper lining them. 5 ml of sterile distilled water is used to wet the filter paper for the control 
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group.At a time, 2.5 ml of ZnO NPs andα-Fe2O3 NPs are given to the Petri dishes by the experimental design 

(Table 1). The treatment with bulk zinc oxide and iron oxide also maintains this process. They are then 

incubated for ten days at 30 ± 1º C. The same volume of treatment solution was added each day to prevent 

drying, and each treatment was run through three replicates. Four days after the incubation process the 

percentage of germination is measured. The Petri dishes are taken out after 10 days, and the fresh weight, dry 

weight, % water uptake, shoot length, root length, chlorophyll a, and chlorophyll b measurements are made. 

Table 1.Included ZnO and α-Fe2O3NPs samples supplement for different experimental groups. 

Experimental 

groups 

Included nanoparticles supplement 

according to concentration (mg/ L water) 

Control group 0 

Treatment 1 1 

Treatment 2 2 

Treatment 3 3 

Treatment 4 4 

 

2.5. Determination of Chlorophyll contents in the plant leaves 

The technique of [14]is used to determine total chlorophyll. Using a spectrophotometer, 50 mg of fresh leaf 

material is manually homogenized in 10 ml of 80% acetone, and the absorbance is measured at 645 and 663 nm.  

 

3. Results and discussion 

3.1. X-ray diffraction (XRD) 

The XRD spectra of ZnO NPsand α-Fe2O3NPsare shown in Figure 1.The nature of the peaks is found to be 

broad depicting the nanoparticle nature of the samples. However, the ZnO sample exhibits common peaks 

located at 2θ positions of31.84°, 34.45°, 36.28°, 47.55°, 56.64°, 62.84°, 66.47°, 67.96°, 69.20°, 72.64°, 76.94° 

which are attributed to the crystal planes 100, 002, 101, 012, 110, 013, 200, 112, 201, 004, 011, respectively, 

where ZnO NPs has a hexagonal crystal structure(Figure 1a)[15]. On the other hand, the presented picks for the 

α-Fe2O3samplematch the (012), (104), (110), (113), (024), (116), (214), and (300) of a hexagonal structure of α- 

Fe2O3 NPs, identified using standard data (JCPDS 33-0664) (Figure 1b)[16]. 

 

 

   Figure 1. XRD patterns of NPs: (a) ZnO NPs, (b) α-Fe2O3NPs. 
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The mean sizes of the NPs are determined using the Debye-Sherrer formula and the following 

equation[17–20]: 

𝐷 =
0.89 𝜆

𝛽 𝑐𝑜𝑠Ѳ  
                                                                                              (2) 

Where λ is the wavelength of the X-ray used (here λ=1.54 Aº for Cu Kα radiation), θ is the Bragg angle, the full 

width at half maximum (FWHM) of the X-ray diffraction peak is β and the shape factor is 0.89. The mean 

particle sizes of ZnO and α- Fe2O3samples are given in Table 2.  

 

3.2. Morphological Investigation 

The particle size and particle size distribution of ZnO and α- Fe2O3NPs are investigated using the FESEM 

micrographs. The FESEM images of ZnO andα- Fe2O3 NPs are displayed in Figure 2. The shape of the majority 

of ZnO NPs is found to be spherical or spheroidal (Figure 2a). The shapes of the majority of α-Fe2O3 NPs are 

found to be spherical or oval (Figure 2b).  Figure 2a (inset)and Figure 2b (inset) show the particle size 

distribution histogram that is obtained from the corresponding FESEM images along with the theoretical curves 

fitted with the particle size distribution data. The particle sizesare found to follow the log-normal distribution 

pattern, which is common for samples containing very small particles. The average particle sizes estimated 

through morphological investigation are displayed in Table 2.  

Figure 2. FESEM images with corresponding particle size distribution histograms of NPs:(a) ZnO NPs, (b) α-

Fe2O3NPs. 

 

3.3. UV-VIS spectroscopy 

The absorption spectra of the produced ZnO and α-Fe2O3NPs are shown in Figure3.The optical bandgaps of the 

as-prepared NPs are estimated using the Tauc plot by plotting (αhν)
2 

against hν and extrapolating the band edge 

slope against zero[21–23]. The estimated optical bandgaps of NPs are given in Table 2.However, the lower band 

gap value of ZnO NPs compared to bulk materials (3.3 eV) can be attributed to planar defect (Table 2)[19]. 
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Figure 3. UV-VIS absorption spectrum of NPs: (a) ZnO NPs, (b) α-Fe2O3NPs. 

 

Table 2. Estimated particle size from XRD and SEM, and energy band gap of ZnO. 

NPs obtained under different experimental conditions. 

Sample 

Name 

Average Particle size 

(nm) from XRD 

Average Particle size 

(nm) from SEM 

Band gap 

energy (eV) 

ZnO NPs 17.4 18.20 3.25 

α-Fe2O3 NPs 8 8.02 2.90 

 

3.4. Seed germination studies 

Several studies have demonstrated that treating seeds with zinc (Zn) causes a variety of biochemical changes in 

the seed that are necessary to initiate the germination process, including imbibition, enzyme activation, 

hydrolysis or metabolization of inhibitors, and breaking of dormancy[4].On the other hand, several 

investigations have reported the impact of iron oxide NPs on the growth, production, and quality of significant 

crops [8]. So, the values of seedling growth parameters (mean germination time, percentage germination, % 

water uptake, shoot length, and root length) of Pigeon pea seeds are changedby adding a mixture of ZnO NPs 

and α-Fe2O3 NPs supplements at a 1:1 ratio. 

Further, mean germination time (MGT) and % water uptake (WUT) are calculated using standard 

formulations [24,25]. 

𝑀𝐺𝑇 =
 𝑁×𝑡

 𝑁
     (2) 

𝑊𝑈𝑇 (%) =  
(𝐹𝑟𝑒𝑎𝑠 𝑕  𝑤𝑒𝑖𝑔 𝑕𝑡 𝑜𝑓  𝑠𝑒𝑒𝑑 −𝑑𝑟𝑦  𝑤𝑒𝑖𝑔 𝑕𝑡 𝑜𝑓  𝑠𝑒𝑒𝑑 )×100

𝑑𝑟𝑦  𝑤𝑒𝑖𝑔 𝑕𝑡 𝑜𝑓  𝑠𝑒𝑒𝑑
                                           (3) 

Where N is the number of germinated seeds and t is hours from the beginning of the germination test. 

Figures 4a, 4b, 4c, 4d,and 4e show the changes in mean germination time, percentage germination, % 

water uptake, shoot length, and root length respectively with concentration for different experimental groups.  
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Figure 4. Variation of seedling growth parameters of Pigeon pea under different experimental designs with 

increasing concentration of zinc oxide and iron oxide (at 1:1 ratio) along with control group: (a) mean 

germination time, (b) percentage germination, (c) % water uptake, (d) shoot length, (e) root length. 

 

Figure 4a shows that MGT decreases with rising concentrations of zinc oxide and iron oxide. The control group 

has a maximum MGT (38 min). The treatment with NPS at 4 mg/L water has the lowest MGT (24 min)(Figure 

4a). The germination percentage, % water uptake, shoot length, and root length increase with increasing 

concentrations of zinc oxide and iron oxide (at a 1:1 ratio). The control group has the lowest value for these 

parameters (Figure 4b-e). The treatments show that maximum value of germination percentage, % water uptake, 

shoot length, and root length at about 99.9 % (Figure 4b), 48 % (Figure 4c), 17.07 cm (Figure 4d) 8.5 cm 

(Figure 4e) respectively are observed for NPs (ZnO:α-Fe2O3= 1:1) at 4 mg/L water concentration. Additionally, 
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it is observed that these positive impacts to promote seed germination become less effective under treatment 

groups with bulk zinc oxide and iron oxide (at a 1:1 ratio). 

 

3.5. Measurement of chlorophyll contents 

The chlorophyll contents of Pigeon pea leaves are estimated using the following formulas[26]: 

𝐶𝑕𝑙𝑜𝑟𝑜𝑝𝑕𝑦𝑙𝑙 𝑎 (𝑚𝑔 𝑔 ) = 12.7  𝐴663 − 2.69 (𝐴645 ) ×
𝑉

1000 ×𝑊
                                                 (4) 

𝐶𝑕𝑙𝑜𝑟𝑜𝑝𝑕𝑦𝑙𝑙 𝑏 (𝑚𝑔 𝑔 ) = 22.9  𝐴645 − 4.68 (𝐴663 ) ×
𝑉

1000 ×𝑊
                                                 (5) 

Where A is absorbance at a particular wavelength as mentioned in the equation, V is the final volume of the 

sample made, and W is the fresh weight of the sample taken. 

Figures 5a and 5b show that chlorophyll a and chlorophyll b of Pigeon pea leaves increase as the 

concentration of NPs increases for different experimental groups.The control group has the minimum 

chlorophyll contents. The treatments show that maximum chlorophyll a and chlorophyll b at about 23.88 

mg/g(Figure 5a),and 38.9 mg/g (Figure 5b) respectively are seen for NPs (ZnO:α-Fe2O3= 1:1) at 4 mg/L water 

concentration.Furthermore, the amount of chlorophyll contents inPigeon pea leavesis seen to decrease in 

treatment groups treated with bulk zinc oxide and iron oxide (at a 1:1 ratio). 

 

Figure 5. Variation of chlorophyll contents of Pigeon pea leavesunder different experimental designs with 

increasing concentration of zinc oxide and iron oxide (at 1:1 ratio) along with control group: (a) chlorophyll a, 

(b) chlorophyll b. 
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Pigeon pea, this entire treatment is designed for bulk and NPs at a ratio 1:1 for different concentrations. The 

study shows that the mean germination time of Pigeon pea seeds is the lowest (24 min) for treatment with NPs 

(ZnO:α-Fe2O3= 1:1) at 4 mg/L water concentration. The treatment has resulted in a notable enhancement of the 

percentage germination, % water uptake, shoot length, root length, chlorophyll a, and chlorophyll b. When the 

concentration of NPs rises to 4 mg/L water, the value of percentage germination, % water uptake, shoot length, 

root length, chlorophyll a, and chlorophyll b increase. When comparing the positive impact of  NPs(ZnO:α-

Fe2O3= 1:1)  to control group, the treatments indicate that at 4 mg/L water, percentage germination, % water 

uptake, shoot length, root length, chlorophyll a and chlorophyll b of Pigeon pea pointedly increase from 91% to 

99.9%, from 20 % to 48%, from 6.57 cm to 17.07 cm, from 2.27cmto 8.5 cm, from 13.82 mg/g to 23.88mg/g, 

and from to 16.2mg/g to 38.9mg/g, respectively. Thus, our study also offers a simple and easy way to enhance 

the germination processof Pigeon pea seeds.  
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