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Metal oxides, particularly zinc oxide (ZnO), have sparked widespread interest due to their unique properties. The current research focuses 

on the solution combustion method for the synthesis of zinc oxide nanoparticles (ZnO NPs), with zinc nitrate as oxidizing agent and 

ascorbic acid as precursor. The resulting ZnO NPs were analyzed for their crystal structure, particle size, morphology, elemental 

composition and thermal behaviour using various characterization techniques, including X-ray diffraction (XRD), particle size analysis 

(PSA), scanning electron microscopy (SEM), energy-dispersive X-ray spectroscopy (EDS) and thermogravimetric-differential thermal 

analysis (TG/DTA). Furthermore, the synthesized ZnO NPs were applied to assess their impact on the germination and growth of Vigna 

radiata (mung bean) seeds. Exposure of V. radiata to varying concentrations of ZnO nanoparticles revealed a concentration-dependent 

enhancement in plant growth, with the highest height of 29.5 cm observed in Pot-4 by day 20. These results suggest that moderate ZnO 

NPs applications may stimulate plant development, offering potential agronomic benefits under controlled conditions. 
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INTRODUCTION 

 Nanoparticles possess unique properties especially a high 

surface area-to-volume ratio and tunable surface chemistry 

that make them valuable across a wide range of applications 

[1,2]. Zinc oxide nanoparticles (ZnO NPs) have attracted signi-

ficant research interest due to their multifunctional proper-

ties, including photocatalytic activity, UV-blocking ability, 

and antimicrobial effects [3,4]. As a result, ZnO NPs are used 

in an industry, including medicine, cosmetics, food packa-

ging and most recently, in agriculture [5-7]. The integration of 

nanoparticles in agriculture, often termed “nano-agriculture” 

has opened new avenues for improving crop yield, disease 

management and nutrient delivery. The applications of ZnO 

NPs in agriculture holds promise for enhancing plant pro-

ductivity and ability to withstand both biotic and abiotic 

stresses [8]. ZnO is regarded as a micronutrient that is nece-
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ssary for several plant enzymatic and metabolic functions and 

due to their nanoscale size, ZnO NPs provide a more effective 

delivery method. According to reports, when applied in the 

right amounts, ZnO NPs can boost nutrient absorption, promote 

seed germination and improve plant development [9,10]. 

Furthermore, ZnO NPs have antifungal and antibacterial pro-

perties that can help in defending crops against infections 

[11]. This dual role of ZnO NPs as a micronutrient source and 

antimicrobial agent makes them attractive for sustainable 

agricultural practices.  

 However, the increased usage of nanoparticles, especially 

metal oxides like ZnO, has also raised concerns about their 

environmental fate and potential toxicity to living organisms, 

particularly plants [12]. Consequently, the phytotoxicity of ZnO 

NPs has gained increasing attention [12]. Phytotoxicity refers 

to harmful effects on plant growth and development, which 

ZnO NPs may cause through mechanisms such as generating 
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reactive oxygen species (ROS), hindering water and nutrient 

uptake and disrupting essential processes like photosynthesis 

and transpiration [13,14]. Understanding the interactions of 

ZnO NPs within plant systems is crucial for assessing their 

potential risks in agricultural applications [15]. However, the 

potential benefits of ZnO NPs are accompanied by the risk of 

toxicity if not applied within optimal concentrations. Excess-

ive exposure can induce phytotoxic effects, adversely impac-

ting the plant growth and yield [16]. The interaction between 

nanoparticles and plant tissues is complex and can depend on 

nanoparticle concentration, shape, size, charge on surface 

and the plant involved. 

 Vigna radiata (mung bean) is a widely cultivated legume 

in tropical and subtropical regions, valued for its high protein 

content and its role in improving soil fertility through atmos-

pheric nitrogen fixation. Due to its nutritional and economic 

significance, it serves as a suitable model for evaluating the 

impact of environmental stressors, including nanoparticle expo-

sure. Research on the phytotoxicity of ZnO NPs in V. radiata 

is particularly important, as legumes form symbiotic relation-

ships with nitrogen-fixing bacteria in root nodules. Disruption 

of root function by ZnO NPs toxicity could impair this synergy, 

ultimately affecting plant growth and yield. Therefore, asse-

ssing the effects of ZnO NPs on V. radiata is essential for under-

standing their broader implications in agricultural systems. 

 The aim of this study is to evaluate the phytotoxic effects 

of ZnO NPs on the growth and development of V. radiata. 

Specifically, the research investigates the influence of varying 

ZnO NPs concentrations on seed germination, root and shoot 

elongation and overall plant health. By assessing these key 

parameters, the study seeks to provide insights into the poten-

tial risks associated with the agricultural use of ZnO NPs. 

Furthermore, the findings will contribute to a better understan-

ding of nanoparticle interactions with leguminous crops, which 

are essential for sustainable agriculture due to their nitrogen-

fixing ability and soil fertility enhancement. The synthesized 

ZnO NPs were characterized using XRD, PSA, SEM, EDS, 

TG-DTA and subsequently applied to assess their impact on 

V. radiata seed germination and early growth. 

EXPERIMENTAL 

 Preparation of ZnO NPs: Zinc nitrate (oxidizer) and 

ascorbic acid (fuel) were used as precursors for the synthesis 

of ZnO NPs. Dissolved 0.594 g of zinc nitrate in 100 mL of 

distilled water while stirring for 15 min followed by the addi-

tion of 0.176 g of ascorbic acid and stirred continuously for 

another 15 min. The mixture was then placed on a hot plate 

maintained at 300 ºC. During the reaction process, observable 

phenomena such as boiling, frothing, smoldering, flaming, 

and fuming occurred, ultimately leading to the formation of 

ZnO nanopowder. The resulting ZnO nanoparticles were 

collected and subjected to further characterization. 

 Characterization: Powder X-ray diffraction (XRD) patt-

erns were obtained using a Rigaku Denki RINT 2500 diffra-

ctometer with CuK radiation. The morphology of the syn-

thesized ZnO NPs was examined using scanning electron 

microscopy (SEM, Philips XL30), while their elemental 

composition was analyzed through energy-dispersive X-ray 

spectroscopy (EDS) using a MIRA3 instrument (TES-CAN, 

Czech Republic). Fourier Transform Infrared (FTIR) spectra 

were recorded using a JASCO FT/IR-660 Plus 15 spectrometer 

employing the KBr pellet method. TGA/DTA experiments 

were carried out using Setaram SETSYS-16/18 on finely 

ground powders in air atmosphere between 30 and 800 ºC 

with a heating rate of 5 ºC/min. 

 Mung bean growth conditions: To evaluate the effects of 

ZnO NPs on mung bean (V. radiata) seed growth, four beakers 

(Beaker-1 to Beaker-4) were prepared, each containing 20 mL 

of distilled water and 10 seeds [17,18]. ZnO NPs were added to 

Beakers 2, 3 and 4 at varying concentrations to assess different 

exposure levels, while Beaker-1 served as the control. 

 Beaker-1: 20 mL distilled water + 10 Mung bean seeds 

(control group). 

 Beaker-2: 20 mL distilled water + 10 Mung bean seeds 

+ 0.01 g of ZnO. 

 Beaker-3: 20 mL distilled water + 10 Mung bean seeds 

+ 0.02 g of ZnO. 

 Beaker-4: 20 mL distilled water + 10 Mung bean seeds 

+ 0.03 g of ZnO. 

 The beakers were subjected to sonication for 30 min to 

disperse the ZnO NPs and facilitate seed treatment. Seeds were 

then soaked for 6 h to allow adequate nanoparticle exposure. 

Following the soaking period, the seeds were individually 

planted in separate pots labeled as follows: Pot-1: seeds soaked 

in Beaker-1; Pot-2: seeds soaked in Beaker-2; Pot-3: seeds 

soaked in Beaker-3; and Pot-4: seeds soaked in Beaker-4. 

RESULTS AND DISCUSSION 

 XRD studies: The XRD pattern shown in Fig. 1 confirms 

the successful synthesis of ZnO NPs. The observed diffraction 

peaks correspond to the standard JCPDS card no. 36-1451, 

indicating a hexagonal wurtzite crystal structure [19]. The 

sharp and well-defined peaks further suggest the crystalline 

nature of the material. Distinct peaks were recorded at 2θ 

values of 32.9º, 34.9º, 36.8º, 48.2º, 57.3º, 63.8º, 66.8º, 68.2º, 

69.3º and 73.6º, which correspond to the (100), (002), (101), 

(102), (110), (103), (200), (112), (201) and (202) crystallo-

graphic planes, respectively. The measured interplanar spacings 

 

 
Fig. 1. XRD pattern of ZnO NPs 



Vol. 37, No. 10 (2025)  Synthesis and Agronomic Evaluation of ZnO Nanoparticles using Solution Combustion Method 2473 

closely matched those calculated using Bragg’s equation and 

were consistent with JCPDS reference data. The calculated 

lattice parameters for the hexagonal ZnO structure were found 

to be a = b = 0.3249 nm and c = 0.5206 nm. The average cry-

stallite was calculated by Debye-Scherrer’s equation:  

  
K

D
cos


=
 

 

where K = 0.9 (Scherrer’s constant), λ = 0.154 nm, β = full 

width half maxima (FWHM) and θ = Bragg’s angle. The 

average crystallite size was measured as 42 nm. 

 Particle size distribution analysis: The particle distri-

bution in the solution were analyzed using a particle size anal-

yzer based on the dynamic light scattering (DLS) theory. ZnO 

NPs were dispersed in ethanol with the help of an ultrasonic 

sonicator to examine their particle behaviour. Brownian motion 

effects generated histograms, from which the mean value was 

used to determine the average particle size of the nano-

particles. Fig. 2 illustrates the particle distribution observed 

in the particle size analysis, showing that the average size of 

the ZnO NPs is approximately 54 nm. Remarkably, the mean 

crystallite size is consistently smaller than overall average 

particle size. 

 

 
Fig. 2. Histogram of ZnO NPs 

 

 SEM analysis: The grain size, shape and surface morp-

hology of the ZnO NPs were examined using a scanning 

electron microscope (SEM) at 1 m and 200 nm magnifica-

tion. Fig. 3a-b displays SEM images confirming the successful 

formation of ZnO NPs. The particles exhibit a porous morp-

hology with an average size of approximately 200 nm. This 

porous structure is advantageous for applications such as seed 

germination, where increased surface area enhances inter-

action and efficiency [20]. 

 Energy dispersive X-ray spectroscopy (EDS): The 

elemental composition of the synthesized ZnO NPs was anal-

yzed using EDS, as illustrated in Fig. 4. The spectrum con-

firms the exclusive presence of zinc and oxygen in the sample, 

indicating high purity and the absence of detectable impu-

rities. The corresponding quantitative data show that the nano-

particles consist of 72.22 wt.% zinc and 27.78 wt.% oxygen. 

These values align with the expected stoichiometry of ZnO, 

validating the successful synthesis of pure ZnO NPs. 

 

 
Fig. 4. EDS of ZnO NPs 

 

 Thermal studies: TGA and DTA were used to evaluate 

the ZnO NPs thermal stability. During thermal analysis, the 

ZnO NPs were gradually heated from room temperature to 

800 ºC to analyze the weight loss and thermal events. Alumina 

was used as the reference material in the differential thermal 

analysis (DTA) to ensure accurate thermal comparison. As 

shown in Fig. 5, the DTA curve reveals no significant phase 

transitions throughout the temperature range, indicating the 

thermal stability of the ZnO NPs. This stability is advantage-

ous for applications that demand high-temperature resilience 

[21]. Generally, weight loss is observed from room tempera- 

 

 

Fig. 3. SEM images of ZnO NPs (a) at 1 µm (b). 200 nm 
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Fig. 5. TG-DTA curves of ZnO NPs 

 

ture to 120 ºC due to the evaporation of water molecules. The 

weight loss obtained from 120 ºC to around 400 ºC due to the 

evaporation of unreacted inorganic materials in the sample. 

From 400 ºC to 800 ºC, the weight loss was caused by the un-

reacted organic solvents in the sample. The total weight loss 

of the nanoparticles showed 3%. 

 FTIR studies: Fig. 6 displays the FTIR spectrum of the 

synthesized ZnO NPs. Although FTIR is not a primary tech-

nique for characterizing purely inorganic materials, it is 

useful for detecting surface-bound groups or byproducts from 

synthesis. A distinguished absorption band around 912 cm–1 is 

attributed to Zn-O stretching, supporting the presence of zinc 

oxide. The band observed near 1394 cm–1 may correspond to 

C-O vibrations, likely originating from atmospheric carbonates 

or organic residues introduced during the preparation process. 

Moreover, the peak at 1622 cm–1 is commonly linked to the 

bending vibration of adsorbed water molecules. A broad absor-

ption around 3440 cm–1 indicates O-H stretching, suggesting 

surface hydroxyl groups or moisture retention. These features 

confirm the formation of ZnO NPs with minor surface inter-

actions involving moisture and trace organic compounds. 

 

 
Fig. 6. FTIR spectrum of ZnO NPs 

 

 Mung bean growth: Seed growth was monitored and 

recorded daily to observe any variances in germination and 

development based on ZnO NPs exposure levels as shown in 

Fig. 7a-e. This setup provides insights into the potential influ-

ence of ZnO NPs on mung bean growth.  

 

 

Fig. 7. Observation of growth of plants 
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 The height of the plants was measured daily using a stan-

dard meter scale. Initial observations from Day 1 to Day 5 

indicated growth measurements of 8 cm, 9.5 cm, 10.5 cm and 

11.5 cm for Pot-1, Pot-2, Pot-3 and Pot-4, respectively as 

shown in Fig. 8. By Day 10, these values had increased to 14 

cm, 15.5 cm, 16.5 cm and 17.5 cm across the respective pots. 

On Day 15, plant heights were 20 cm, 21.5 cm, 22.5 cm and 

23.5 cm, while Day 20 saw final heights of 26 cm, 27.5 cm, 

28.5 cm and 29.5 cm for Pot-1, Pot-2, Pot-3 and Pot-4, 

respectively. 

 

 
Fig. 8. Growth of plants in the function of days 

 

 From Day 10 to Day 20, growth appeared to stabilize, likely 

due to consistent environmental conditions. By the end of the 

observation period, Pot-4 demonstrated the highest growth, 

indicating that the plants exposed to the highest concentration 

of ZnO NPs (0.03 g) showed maximum development among 

all tested groups. By exposing V. radiata seeds to ZnO NPs 

suspensions in controlled environments, we observed distinct 

phytotoxic responses at different concentrations. These find-

ings may offer valuable insights into the potential risks and 

benefits of ZnO NPs application in agricultural settings, parti-

cularly as their use grows in the field of agronomy and plant 

science [22,23]. 

 Effect of pH of soil in V. radiata cultivation treated with 

ZnO NPs: The pH of soil was analyzed to assess the impact 

of ZnO NPs treatments on the growing conditions of V. radiata 

as shown in Fig. 9. Soil samples were collected after plant 

growth under varying ZnO NPs concentrations (control, 0.01 g, 

0.02 g and 0.03 g) and pH values were measured. The slight 

increase in pH values with higher ZnO NPs concentrations 

may be attributed to the basic nature of ZnO NPs and their 

ability to interact with water, forming hydroxyl ions [24,25]. 

Changes in pH might influence nutrient availability, affecting 

seed germination and growth [26]. These findings underscore 

the impact of ZnO NPs on soil chemistry, emphasizing the 

need for careful concentration control in agricultural applica-

tions to prevent negative effects on crop productivity and soil 

health. 

 
Fig. 9. pH analysis of soil in Vigna radiata cultivation treated with varying 

concentrations of ZnO NPs 

 

 Moisture content analysis of V. radiata under ZnO NPs 

treatment: The moisture content (MC) of V. radiata subj-

ected to varying concentrations of ZnO NPs was analyzed to 

determine the impact of nanoparticles on water retention pro-

perties. Fresh and dry weights of plant samples from control 

and treated groups were measured and moisture content was 

calculated using the standard formula: 

Fresh weight Dry w
Moisture content 

eight
100

Fresh weig
(%

ht
)

−
=   

 Fig. 10 shows a decline in moisture content with increa-

sing concentrations of ZnO NPs, indicating that higher nano-

particles levels impair the plant’s ability to retain water. This 

effect is likely due to nanoparticle-induced stress disrupting 

key physiological processes [27-29]. The observed reduction 

in moisture suggests alterations in cellular water balance and 

nutrient transport, underscoring a significant phytotoxic impact 

of ZnO NPs. 

 

 
Fig. 10. Moisture content analysis of Vigna radiata under varying 

concentrations of ZnO NPs 
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Conclusion 

 In this work, ZnO NPs were synthesized successfully 

using the solution combustion method. The X-ray diffraction 

(XRD) confirmed a hexagonal phase with a crystallite size of 

42 nm, while particle size analysis indicated an average size 

of 54 nm. Scanning electron microscopy (SEM) revealed a 

porous morphology and energy-dispersive X-ray spectroscopy 

(EDS) verified the purity of synthesized ZnO nanoparticles. 

Thermogravimetric and differential thermal analysis (TG-

DTA) showed a 3% weight loss with characteristic exothermic 

peaks, confirming the thermal stability. Germination studies 

using Vigna radiata (mung bean) seeds indicated that lower 

concentrations of ZnO NPs enhanced plant growth, likely due 

to improved nutrient availability mediated by pH changes. 

However, higher concentrations impaired water retention and 

disrupted physiological functions, suggesting the phytotoxic 

effects. Overall, the results highlight the potential of ZnO NPs 

to enhance plant growth at optimal concentrations, with imp-

ortant implications for sustainable agricultural applications.  
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