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Abstract  The environmentally friendly and sustainable production of nanomaterials has attracted increasing attention 

toward green synthesis approaches as viable alternatives to conventional chemical and physical methods. In this research, 

zinc oxide nanoparticles (ZnO NPs) were synthesized using Strychnos henningsii leaf extract as a natural reducing and 

stabilizing agent. The phytochemical constituents present in the extract facilitated nanoparticle nucleation and growth under 

mild reaction conditions. The synthesis was performed at a constant pH of 8 with a reaction time of 2 h, while the temperature 

was varied between 40 and 70°C to evaluate its influence on the structural and optical properties of the resulting nanoparticles. 

X-ray diffraction (XRD) was used to confirm the hexagonal wurtzite structure of ZnO, with crystallite size of 18 nm at 40°C 

down to 14.7 nm at 70°C. UV-Vis spectroscopy reported a gradual decrease in optical band gap, 3.96 eV (40°C) to 3.37 eV 

(70°C), while photoluminescence (PL) revealed an increased and red-shifted emissions at higher temperatures. Strong Zn-O 

vibrations were observed, with FTIR spectra showing the participation of hydroxyl, carbonyl, and amine groups of Strychnos 

henningsii phytochemicals in reduction and capping. Overall, the results identified 70°C as the optimal synthesis temperature, 

producing ZnO nanoparticles with superior crystallinity, reduced lattice parameters, well-defined optical absorption edges, 

and enhanced photoluminescence (PL) activity. Notably, this study presents the first systematic report on the optimization of 

temperature in green synthesis of ZnO nanoparticles using Strychnos henningsii leaf extract. The findings advance current 

understanding of plant-mediated nanomaterial fabrication and offer a sustainable pathway for engineering ZnO 

nanostructures for applications in photocatalysis, sensing, and optoelectronics. 
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1. Introduction 

Nanotechnology has emerged as a transformative field  

in the 21st century, with metallic nanoparticles attracting 

significant attention due to their unique physicochemical 

properties and diverse applications across materials science, 

healthcare, food, and consumer industries [1,2]. In recent 

years, green synthesis approaches have gained prominence 

as environmentally friendly, cost-effective, and safe alternatives 

to conventional physical and chemical methods, which are 

often energy-intensive, toxic, and environmentally hazardous 

[3,6]. Among these approaches, plant-mediated synthesis 

offers particular advantages: plant extracts act as natural 

reducing and stabilizing agents, enabling rapid, high-yield 

production of nanoparticles under mild conditions, without 

the need for complex equipment or expensive reagents, thus  
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providing a scalable and sustainable pathway for nanomaterial 

fabrication [4,5,7,8]. 

Plant extracts contain a rich diversity of phytochemicals, 

including polysaccharides, polyphenols, vitamins, amino acids, 

alkaloids, and terpenoids, which facilitate the bio-reduction 

of metal ions into zero-valent nanoparticles. The type and 

concentration of these metabolites vary across plant species 

and plant parts, influencing the size, morphology, stability, 

and functional properties of the synthesized nanoparticles 

[8,11]. While microbial synthesis of nanoparticles is feasible, 

it typically requires laborious culture maintenance, intracellular 

processing, and extensive purification steps, making plant-based 

synthesis simpler, more cost-effective, and environmentally 

sustainable [9,10]. 

Zinc oxide (ZnO) nanoparticles have attracted considerable 

attention due to their semiconductor properties, optical activity, 

and structural versatility, which underpin applications in 

photocatalysis, sensing, and optoelectronic devices [7,14]. 

Plant leaf extracts are particularly effective for ZnO nanoparticle 

synthesis because they provide a variety of metabolites— 
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such as flavonoids, terpenoids, and saponins—that serve as 

both reducing and stabilizing agents. The concentration and 

composition of these phytochemicals critically influence 

nanoparticle nucleation, growth, and stability [11]. 

Strychnos henningsii, an African medicinal plant 

traditionally used to treat various diseases, snakebites, and as 

a tonic or flavoring agent, has recently been explored for its 

phytochemical richness [12,13]. However, to the best of our 

knowledge, no studies have systematically investigated the 

influence of temperature on ZnO nanoparticle synthesis using 

S. henningsii leaf extract. Temperature is a key parameter in 

biogenic nanoparticle synthesis, generally ranging from 40 

to 80°C, and plays a critical role in controlling nanoparticle 

size, crystallinity, and optical properties [7]. 

This study therefore aims to synthesize ZnO nanoparticles 

using S. henningsii leaf extract as a green reducing and 

stabilizing agent, examining the effect of temperature on  

the structural and optical characteristics of the resulting 

nanoparticles. By elucidating the role of plant-mediated 

phytochemicals and reaction conditions, this work provides a 

sustainable approach for tailoring ZnO properties for advanced 

applications in photocatalysis, sensing, and optoelectronic 

devices. 

2. Materials and Reagents 

Collection of Materials 

The wild plants Strychnos heningsii were collected from 

Karura Forest and further identified and confirmed by the 

Department of Botany, Kabarak University. Laboratory work 

was carried out at both Muranga and Egerton Universities. 

The required chemicals, including zinc nitrate dihydrate, 

ethanol, and distilled water, were procured from Aldrich 

chemicals. 

All the reagents were prepared using double-distilled 

water and in a glass apparatus. 

Preparation of Strychnos heningsii leaf extract 

Plant leaf material was collected, brought to the laboratory 

and carefully separated and cleaned using both tap water and 

distilled water. Samples were air-dried at room temperature 

for two weeks until dry then finely powdered using a blender. 

A 10 g of the powdered Strychnos heningsii material was 

transferred to 200 ml of distilled water in a borosil beaker 

and boiled with stirring using a magnetic stirrer for one hour, 

until the solution turned brown. The resulting mixture was 

then filtered using Whatman filter paper (No.1), the process 

repeated, to obtain a pure extract, of ZnO nanoparticles 

synthesis. 

Green synthesis of zinc oxide nanoparticles 

A 50 ml solution of 0.1 M zinc nitrate was made by 

dissolving zinc nitrate in deionized water in the flask filled  

to the mark, was then heated on a water bath at 70°C for a 

period of 5 to 10 minutes. The heated zinc nitrate solution 

was blended with 30 ml of plant extract while maintaining 

continuous stirring. This amalgam of solutions was then 

maintained at a temperature of 70°C for duration of 2 hours, 

with rigorous stirring throughout the process. 

Optimization of ZnO nanoparticles 

The production of metallic nanoparticles is influenced by 

a range of variables, including pH, temperature, capping 

agent concentration, incubation time, and precursor type.  

To attain the most optimal and effective yield of zinc oxide 

nanoparticles, a thorough optimization of two distinct 

physicochemical parameters was investigated for optimization. 

Temperature Optimization 

After selection of the optimum pH (8), the synthesis 

process was repeated using 0.1 M of zinc nitrate dihydrate 

and 25 ml of strychnos henningsii leaf extract in four 

different beakers. The mixture was kept under stirring at 200 

rpm for different temperatures (40,50,60,70) degrees until a 

dark-coloured paste was observed. The paste was then 

cooled in an oven temperature of 100 and annealed at 500°C 

to reduce the impurities. 

Incubation Time 

Contact time of reactants is also considered to be a major 

factor for the synthesis of a product. The synthesis of zinc 

oxide nanoparticles was done at four intervals of time, such 

as 30 minutes, 1 hour, 2 hours, and 3 hours. 

Purification and Concentration of Zinc oxide 

Nanoparticles 

The resulting precipitate was removed by employing 

centrifugation at 7000 rpm for 15 minutes. Eventually, the 

precipitate underwent a transformation from brown to a solid 

pale yellow colour. Subsequently, purification was carried 

out by sequential washing with de-ionized water, followed 

by oven drying, then the dried material annealed at 500 

degrees for two hours to remove impurities, mashed in 

ceramic mortar pestle to get finer nature for characterization 

purposes. Ultimately, this process yielded a white-coloured 

powder as a final product. 

Characterization of ZnO NPs 

The functional groups of the ZnO NPs were characterized 

by Fourier transform infrared (FTIR) spectroscopy in the 

frequency range of 400 to 4000 cm−1 using a Thermo Nicolet 

Nexus FTIR spectrophotometer (Smart Orbit, Woodland, 

CA, USA). The FTIR spectra of the samples were also recorded 

on a 1752X spectrophotometer (Perkin Elmer, Waltham, MA, 

USA) using the KBr disc method. 

X-ray diffraction (XRD) patterns were obtained with a 

PXRD-6000 diffractometer (Shimadzu, Japan) with a dwell 

time of 0.5°/min. Data were recorded in the 2θ range from  

4° to 90° (diffraction angle 2θ) using Cu-Kα radiation (λ = 

1.5418 Å) generated at 30 kV and 30 mA. For XRD sample 

preparation, 10 g of sample was ground to a fine powder and 

deposited into a hollow space in the middle of a flat sample- 

holder plate. To achieve a random distribution of lattice 

orientations of the sample, the upper surface of the sample 

was well-flattened, and the XRD pattern was recorded. The 

same procedure was repeated for all the samples in the study. 
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3. Results and Discussion 

Optical Analysis 

The UV-Vis absorption spectra of ZnO nanoparticles 

synthesized at a pH of 8 for 2 hours reaction time is shown in 

Figure1. The spectra shows that the synthesis temperature 

had a strong impact on optical quality. Within the temperature 

range of 70°C, the nanoparticles displayed a sharp and well- 

defined absorption edge at 370 nm, which is significantly 

close to the bulk ZnO band gap of 3.34 eV. The specific 

advantage and less obvious visible-range trailing in this 

temperature reflected a bigger crystallinity and less surface 

flaw states, which is explained by the effective hydrolysis of 

the zinc precursors and effective capping by phytochemicals 

in Strychnos henningsii. In comparison, a spectrum at 40°C 

indicates a diffuse edge and visible absorption tail, which 

implying defect-rich nanoparticles that are formed under 

slow reaction kinetics when incomplete reduction of the 

precursor and weak phytochemical interactions result in 

poorly ordered ZnO [17]. 

 

Figure 1.  UV-Vis absorbance spectra of synthesized sample at different 

temperatures 

Tauc analysis revealed a progressive decrease in band gap 

energy as temperature increased: 3.96 eV (40°C), 3.74 eV 

(50°C), 3.50 eV (60°C), and 3.37 eV (70°C). This decrease 

in band gap with temperature could be attributed to an increase 

in both crystallinity and particle density, and a decrease    

in defect-related localized states, which permit electronic 

transitions nearer to the intrinsic band edge [18]. On the 

other hand, an excessively high band gap, at 40°C, indicates 

quantum confinement effects because of high defect density 

and low crystallinity, which curves the absorption edge [19]. 

Band gap tuning is defined as a comparable narrowing of 

band gaps as the synthesis temperature is increased, For 

instance, green-synthesized ZnO using Cymbopogon citratus 

exhibited a decrease in band gap from 0.5 to 0.4 eV as the 

synthesis temperature was raised [20]. Other comparable 

reductions were also observed in ZnO synthesized using 

Ocimum lamifolium extracts in which band gaps reduced with 

temperature increase as the extract improved more compact 

nucleation and reduced surface disorganization [21]. 

 

Figure 2.  Shows UV-Vis Tauc plot extrapolated band gaps of synthesized 

samples 

These values are also in agreement with other reported 

values of green-synthesised ZnO systems. [22] found out a 

band gap near 3.42 eV of ZnO prepared by using Licania 

tomentosa extract, comparable to 3.37 eV at 70°C in these 

experimental results   ccording to    M ek et al  (       

ZnO mediated by plants usually has band gaps in the range  

of 3.2 to 3.6 eV based on crystallite size and defect content, 

which entirely overlap with the range here. Likewise, Zagorac 

et al. (2022) reported temperature-dependent narrowing   

of band gaps in Alnus nepalensis in mediation by ZnO, 

which corroborates the interpretation of greater synthesis 

temperature preferring high-quality, near-bulk band gaps. 

Together, these comparisons prove that the findings measured 

using Srychnos henningsii are not only consistent with, but 

also competitive to the more well-studied plants in the green 

synthesis of ZnO. 

Table 1 presents extrapolated band gaps of synthesized 

materials of temperatures 40-60. 

Table 1.  Extrapolated band gaps of synthesized samples at varying 
temperatures 

Temperature (°C) Band Gap (eV) 

40 3.96 

50 3.74 

60 3.50 

70 3.37 

The results indicate that 70°C is the optimal synthesis 

temperature under constant pH and reaction time, producing 

ZnO nanoparticles with the narrowest, bulk-like band gap, 
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the steepest absorption edge, and minimal visible defect- 

related absorption. In contrast, synthesis at 40°C yielded 

nanoparticles with inferior optical quality, characterized by 

extended absorption tails and an overestimated band gap, 

reflecting structural disorder and incomplete hydrolysis. [23]. 

The novelty of the research is in the fact that it is the first 

synthesis route that demonstrate that Strychnos henningsii 

phytochemicals could be used to control temperature-driven 

optical changes in ZnO nanoparticles. This observation 

offers a plant-specific model of customizing band gap and 

optical quality by reaction conditions, and thus as part of the 

facilitation of the green-synthesized ZnO towards photocatalytic, 

optoelectronic, and sensing purposes as observed in related 

research by other research groups [24,25]. 

Photoluminescence  

Photoluminescence spectra of the ZnO nanoparticles 

prepared using Strychnos henningsii extract, is shown in 

Figure 3. The spectra exhibit high emission bands at the 

blue-green region (448-496 nm), typical of defect-related 

transitions in wurtzite ZnO. These emissions could be 

largely attributed to inherent point defects like oxygen 

vacancies (V_O), zinc interstitials (Zni), and their complexes, 

serving as radiative recombination centres [19]. The difference 

in the peak position and intensity with change in temperature 

proves that thermal energy during synthesis regulates defect 

formation, surface passivation and crystallinity [25]. It is 

augmented by the use of Strychnos henningsii phytochemicals, 

which are enriched with alkaloids, terpenoids, and phenolics, 

as these natural molecules not only reduced by Zn2+ to   

form ZnO, but also cap growing crystallites, which tunes 

luminescent defect states density [26]. 

 

Figure 3.  Photoluminescence (PL) spectra of synthesized sample at 

different temperatures 

The peak emission that appeared at 448 nm with low 

intensity (2.2 a.u.) at 40°C, suggests that the nanoparticles 

were poorly crystallized and had low radiative recombination. 

This could be credited to slow hydrolysis as well as 

incomplete reduction, leading to larger particles involving 

defects, but with non-radiative processes prevailing over  

the recombination process. Conversely, an increase in 

temperature during synthesis can cause an increase in the 

emission peaks to longer wavelengths: 463 nm at 50°C, 492 

nm at 60°C and 496 nm at 70°C, and intensities increased  

to 3.8-4.3 a.u. The temperature-dependent red shift of the 

emission indicates the increase in the defect complexity  

and the decrease in the depth of the donor-acceptor pair 

recombination, whereas the higher intensity indicates the 

higher crystallinity and the larger number of centers with 

optically active sites [27]. The peak emission at 70°C is 

comparable to those of the XRD and UV- Vis data, which 

means that the temperature provides the highest crystalline 

quality and the most successful contact of phytochemicals 

with ZnO surfaces. 

Table 2 below shows emission wavelengths and intensities 

of synthesized materials. 

Table 2.  Emission wavelengths and intensities of synthesized samples 

Temperature (°C) Emission Wavelength (nn) Intensity (a.u) 

40 448 2.2 

50 463 3.8 

60 492 4.1 

70 496 4.3 

The deconvoluted spectrum at 70°C, shown in Figure 4, 

displays several components including a feature at approximately 

414 nm and 442 nm is related to a transition of Zni and weak 

donor states; the high band at about 484 nm is due to singly 

ionized oxygen vacancies (V_O), with the larger emission at 

540 nm and above being due to deep-level oxygen-related 

defects [28]. 
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Figure 4.  Gaussian deconvolution of synthesized sample at 70°C 

The prevalence of the 484 nm peak indicates that oxygen 

vacancies are the main luminescent centres in these 
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green-synthesized ZnO nanoparticles. Notably, the increased 

concentration and reduced dispersion of these emissions at 

70°C indicate that an optimized temperature facilitates a 

targeted defect formation instead of a random occurrence of 

non-radiative defects. It means that the phytochemical-rich 

conditions of Strychnos henningsii not only permit reduction 

and stabilization but also selectively passivate non-radiative 

states and retain useful optical defects. 

The trends of the PL observed have been in line with  

other reports of temperature-dependent PL in plant-mediated 

ZnO systems. ZnO nanoparticles produced using the extract 

of Cymbopogon citratus exhibited blue-green emissions of 

approximately 450-500 nm, with the intensity of the emission 

becoming higher as the synthesis conditions enhanced the 

crystallinity quality [29]. Likewise, ZnO synthesized using 

Alnus nepalensis exhibited improved PL intensity and red- 

shifted emission when the synthesis conditions were biased 

towards smaller, more ordered crystallites [27]. Jayachandran et 

al. (2021) identified a peak of ZnO emission rate of 470-500 

nm with Licania tomentosa, which matches the range of  

this experiment at 60-70°C. These similarities verify that the 

best optical quality at 70°C with Strychnos henningsii is 

consistent and even better in other cases than more familiar 

plant systems, with which better ZnO systems in green 

synthesis have been more commonly used. 

This study presents a demonstration of the first instance of 

temperature tuning at constant pH of 8 on PL emission of 

ZnO synthesized using the Strychnos henningsii extract. The 

evidence indicates clearly that 40°C yields the worst quality 

nanoparticles, weak PL intensity and shorter wavelength 

emission, whereas 70°C yields the most structured emission, 

which is a strong one with high crystallinity and error control 

of its defects. The originality is the first direct connection  

of the phytochemical-mediated conditions of synthesis and 

defect-related optical emission, which places Strychnos 

henningsii in the position of a sustainable and efficient  

plant source of ZnO with specific PL characteristics. These 

results underscore that enhanced green synthesis at 70°C is 

capable of producing ZnO nanoparticles that can be used in 

photocatalysis, optoelectronics, and sensing, where defect 

states control and high crystallinity are vital [30]. 

FTIR Analysis 

The FTIR spectra of ZnO nanoparticles prepared with a 

Strychnos henningsii extract at various temperatures (40 to 

70°C) confirms that the phytochemicals take part in the 

reduction and stabilization of the nanoparticles. In all spectra, 

a broad absorption band in the range of 3200-3500 cm-1 

could be attributed to O-H stretching vibrations of hydroxyl 

groups of phenols and alcohols found in the extract and 

adsorbed water [31]. These hydroxyl groups are hydrogen 

donors and stabilizers when making nanoparticles. Bands 

under 1600-1700 cm-1 are related to C=O stretching vibrations 

of carbonyl groups, which are part of flavonoids and 

alkaloids, and contribute to the reducing capacity of Zn2+ 

ions and to the binding to the surface of the nanoparticle [32]. 

Feeble bands at 1400-1450 cm-1 region are associated with 

C-N stretching of the amino acids and potential symmetric 

stretching of the -COO- groups, indicating the presence of 

amino acids and proteins in the stabilization procedure of the 

ZnO nanoparticles [33]. 

Figure 5 presents FTIR spectra of synthesized samples at 

different temperatures. 

 

Figure 5.  FTIR spectra of synthesized samples at different temperatures 

The most significant signature is the extreme absorption 

band under the 600 cm-1 threshold, as it represents the stretching 

vibration of Zn-O bonds, and it proves the effective synthesis 

of the ZnO nanoparticles [19]. The sharpness of this band 

increased with temperature, particularly at 70°C, implying 

better crystallinity and maximum conversion of precursor 

salts to ZnO. The weaker signal of Zn-O at 40°C is, by 

comparison, an indication of incomplete reduction and 

degradation in the formation of Zn-O networks, which 

agrees with the XRD and UV-Vis data indicating broader 

peaks and an increase in band gap at this temperature. 

The retention of the phytochemical capping groups was 

also affected by temperature, despite not affecting Zn-O 

bond strength. Stronger O-H and C=O bands at 40°C   

show increased retention of organic functional groups on the 

nanoparticle surface, which is explained by a lack of complete 

reaction and a weak interaction of phytochemicals with the 

crystalline structure. These bands became weaker at higher 

temperatures (60-70°C), suggesting greater breakdown of 

labile groups and greater formation of Zn-O networks, 

although they had enough phytochemical residues left to 

confer agglomeration stability. This is in line with prior 

reports of ZnO synthesized using Ocimum lamifolium and 

Cymbopogon citratus, whereby higher synthesis temperature 

minimised residual organic peaks and sharpened the Zn-O 

signature [21]. 

The phytochemical-ZnO interactions in this case are 

consistent with the other plant-mediated systems. ZnO 

nanoparticle synthesized with Licania tomentosa exhibited 

comparable O-H, C=O and Zn-O signatures, and this is 

important to demonstrate the universal role of phenols, 

alkaloids and carboxylates to mediate nanoparticle synthesis. 
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The FTIR bands also validated the role of carbonyls, hydroxyls, 

and amines in the synthesis process in Alnus nepalensis 

mediated ZnO, which is very similar to the current results 

with Strychnos henningsii [34]. Such comparisons confirm 

that the functional groups identified here are the same as 

those of recent green ZnO literature, and the systematic 

analysis of temperature effects with Strychnos henningsii 

offers new information not previously present in the literature. 

From these FTIR results, the formation of ZnO nanoparticles 

was most favourable at 70°C. Zn-O bond vibrations were 

higher, and organic residue bands were smaller, which means 

that phytochemicals mediate the reduction and stabilization 

process most effectively. In contrast, 40°C results provided 

nanoparticles with weak Zn-O signatures and strong organic 

bands, which testify to poor conversion and poor crystallization. 

The novelty of the work is the determination of the interaction 

of the phytochemicals of the rarely studied species Strychnos 

henningsii with Zn2+ ions at different synthesis temperatures 

to guide the formation of nanoparticles. This vegetal intuition 

indicates that Strychnos henningsii can serve both as a green 

reductant and as a stabilizer and allow temperature control to 

obtain the best nanoparticle characteristics [48]. 

XRD Analysis 

Figure 6 shows XRD pattern of ZnO nanoparticles at 

various temperatures (40-70°C) synthesized with Strychnos 

henningsii leaf extract. All diffraction peaks could be 

indexed to the hexagonal wurtzite phase of ZnO (JCPDS 

01-070-8072). The lack of anKary secondary phases proved 

that the phytochemicals in the extract were used efficiently 

as reducing and stabilizing agents, which allowed one to 

obtain pure ZnO even when the reaction conditions were 

changing. This result aligns with recent reports in which 

flavonoids, alkaloids, and phenolics contained in plant extracts 

were found to be instrumental in the stabilization of wurtzite 

ZnO nuclei during the process of green synthesis [34]. 

The effect of temperature was very clearly observed in the 

 θ shifts  the lattice parameters  and crystallite sizes. At 40°C, 

the (101) reflection was observed at 38.39 ° with a d-spacing 

of 2.3447 Å, with a = 3.0776 Å and c = 4.9313 Å, where 

symbol Å, is the Angstrom unit. These were higher lattice 

values, attributed to slow hydrolysis of zinc precursors and 

low temperature condensation with ineffective condensation 

leading to incomplete crystallization and inclusion of defects. 

At 70°C, on the other hand, the maximum shifted to a value 

of 38.45°, which gives the shortest d-spacing (2.3412 A), and 

the shortest lattice constants (a = 3.0729 A and c = 4.9239 A). 

This decrease in lattice is explained by the increased ability 

to hydrolyze and condense Zn-OH intermediates and the 

increase in coordination of phytochemicals, which allows  

the Zn-O tetrahedra to be brought closer to each other [21]. 

Therefore, the compactness of the ZnO lattice and long- ange 

order were enhanced by increasing temperature, and 70°C 

presented the optimal temperature. 

The crystallite size D (nm) from Scherrer equation analysis 

also exhibited a high temperature dependence. The mean 

size was 17.98 nm at 40°C, which gradually reduced to 14.71 

nm at 70°C. This decrease is explained by accelerated nucleation 

at higher temperatures, with more nuclei being produced but 

their development being inhibited by phytochemical capping 

to form smaller coherently diffracting domains. The observed 

simultaneous temperature dependence of microstrain (0.0059 - 

0.0072) and dislocation density (0.00309 – 0.00462 nm-2) 

indicates the integration of minor lattice distortions, which is 

a normal consequence of nanocrystals, and does not reduce 

the quality of the phases [35]. Rather, a smaller particle size 

and acceptable strain at 70°C are more favourable to balance 

catalytic and optical applications where defect-mediated 

reactivity is a desirable property    summary of   θ  FWHM 

and crystallite sizes of synthesized samples is in Table 3. 

 

Figure 6.  XRD pattern of synthesized samples at different temperatures 

 

Table 3.  Summarized   θ  FWHM  crystallite sizes of synthesized samples 

Temperature (°C) 2θ (Degrees) FWHM (°) Crystallite size D (nm) Dislocation (nm-2) Strain 

40 38.39 0.4682 17.98 0.00309 0.00587 

50 38.36 0.5190 16.22 0.00380 0.00651 

60 38.31 0.5198 16.19 0.00380 0.00653 

70 38.45 0.5723 14.71 0.00462 0.00716 
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The obtained crystallite size values (14.7-18.0 nm) are 

consistent with other green synthesis studies when compared 

with the recent literature. As an example, ZnO prepared with 

the extract of Licanas tomentosa produced crystallites with a 

length of approximately 12.4 nm, which is a little smaller but 

nevertheless in the same range [36]. ZnO synthesized with 

Cymbopogon citratus leaf extract had crystallite sizes of 

approximately 19 nm, which are similar to those of reported 

in this study in lower-temperature samples [37]. Similarly, 

reports on ZnO nanoparticles synthesized using Justicia 

adhatoda indicate crystallite sizes ranging from 12 to 20 nm, 

which is consistent with the findings of the present study [38]. 

The results described in this research are consistent with the 

existing body of literature, but parallel studies are still rather 

few. This work has shown that Strychnos henningsii extract 

can be used to synthesize ZnO nanocrystals with structure 

similar to those prepared using other, more frequently 

studied plant sources. This fact points to the novelty and 

efficiency of the current green synthesis method. 

FWHM is a measure of how broad or sharp diffraction 

peaks are, larger values indicate broader peaks, which implies 

smaller crystalline size in the crystal lattice [39]. This peak 

broadening is associated with finite crystal and the lattice 

distortion that disrupts the crystal’s ideal periodicity   s 

recorded in Table 3, an inverse relationship between FWHM 

and crystallite size was observed as synthesis temperature 

was increased. FWHM gradually increased, whereas the 

crystallite size consistently decreased. This particular observation 

is not unusual since  Sherrer’s equation illustrates an inverse 

relationship between these two variables, crystallite size,   

D and FWHM. Similar trend has been reported in recent 

XRD studies of metal oxide nanoparticles [40,41]. These 

studies reported that at lower processing temperature, larger 

crystallites yielded narrower peaks, and as the working 

temperatures were adjusted upwards, peaks broadened. They 

attributed the later observation to increased lattice distortion 

on defect formation. Further, Table 3 reveal the increase   

in dislocation density with decrease in crystallite size. This 

observation is expected since dislocation is a measure of length 

distortion per unit volume, given by Equation 1, a relation 

that was initially used by Kotresh et al, (2021) [50]. 

                        
 

  
 

Thus, according to this relation, smaller grains tend to have 

more defects per unit volume, or rather more dislocations 

[50].  This observation also aligns with findings of various 

research groups [42,43], who reported increased dislocation 

and for smaller crystallite size in crystals of metal oxide 

nanoparticles with increasing calcination temperatures. 

Lattice strain contributes to XRD peak broadening in the 

same way small crystallite does [44] Strain emanates from 

the distortion of the crystal lattice in the form of defects, 

mismatch between planes and sometimes from dislocations 

[45]. Data in Table 3 reports a direct variation between 

microstrain and synthesis temperature. Notable, strain increased 

with increase in processing temperature. An indication of 

increased lattice distortion i.e. existence of imperfections 

such as defects of stacking faults at higher temperatures. 

These findings are consistent with those reported by 

Al-Hazmi et al, (2022) [38], a study that also revealed a close 

link between strain (or small size) and XRD peak broadening. 

Table 4 shows calculated d-spacing, and lattice parameters 

of synthesized samples at temperature values. 

Table 4.  Calculated d-spacing, and lattice parameters of synthesized 
samples at different temperatures 

Temperature 

(℃) 

2θ 

(Degrees) 

d-spacing 

(Å) 
a (Å) c (Å) 

40 38.39 2.3447 3.0776 4.9313 

50 38.36 2.3465 3.0799 4.935 

60 38.31 2.3494 3.0837 4.9412 

70 38.45 2.3412 3.0729 4.9239 

Generally, the results of XRD indicate that 40°C provides 

the lowest crystalline quality, expanded lattice parameters, 

larger crystallites, and reduced defect incorporation owing  

to low reaction kinetics. On the other hand, an optimum 

temperature of synthesis of 70°C would yield high crystallinity, 

reduced nanocrystal size (14.7 nm), decreased lattice 

parameters, and tolerable strain and dislocation density. This 

optimization of structure based on temperature regulation at 

a constant pH (8) and synthesis time (2h) underscores the 

significance of both the reaction environment and exclusive 

phytochemicals of Strychnos henningsii in shaping ZnO 

nanoparticles to meet the high surface activity and unstable 

crystallinity requirements. 

The diffraction peak at around 38° slightly change as the 

temperature rises, as it goes down to 38.39° at 40 then to 

38.31° at 60℃ and then back to 38 45° at 7 ℃  Bragg law 

states that a decrease in 2 theta is proportional to an increase 

in interplanar spacing and this is supported by the fact that, 

d-spacing increases by 2.3447 Å (40℃  to   3494 Å (6 ℃   

The peak at 70℃ is however shifted to higher angle with a 

decrease in d-spacing to 2.3412 Å. 

The presence of such peak shifts is usually explained by 

the lattice strain and redistribution of defects in nanostructured 

oxides often caused by temperature. Recent research on ZnO 

and other metal oxide nanoparticles reported that diffraction 

angle shifts towards lower angles usually suggest lattice 

expansion as a result of tensile strain or relaxation effects on 

the surface, and shifts towards higher angles suggest lattice 

contraction because of compressive strain or annealing of 

defects [46,47]. The current tendency indicates that intermediate 

temperature gain (to 60℃  facilitates an inconsiderable 

lattice expansion which can be attributed to defects introduction 

or surface strain results in nanoscale crystallites. 

Lattice parameters also confirm this interpretation. The 

parameters, a and c are both rising gradually with increasing 

temperature (40℃  a = 3 0776 Å, c = 4.9313 Å and 60℃    

a = 3.0837 Å, c = 4.9412 Å). Related studies have also shown 

similar temperature induced changes in lattice constants, 

where nanoparticles systems have shown increased lattice 

dimensions caused by strain and defects at intermediate synthesis 
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temperature [48,49]. The surface atoms in nanoparticles have 

less coordination and this may cause outward relaxation and 

slightly increased lattice parameters than the bulk structures. 

SEM analysis 

The surface morphology of the synthesized ZnO nanoparticles 

was examined using scanning electron microscopy (SEM). 

Images were recorded at a magnification of 3000×, as shown 

in Figure 7. The image showed spherical shape nanoparticles 

formed with diameter range 12-25 nm. SEM revealed the 

particle to have highly aggregated and porous morphology 

with closely packed nanograins. The texture appears rough 

and the substructures appears to have irregular spherical 

shapes typical for non-uniform growth mechanism. The 

irregular particles could be as a result of agglomeration of 

tiny primary crystallites. The partially agglomerated state 

could partly be due to the fact that no hard-acting chemical 

filtration methods were employed in green synthesis, and 

partly due to the smaller size of the nanoparticles [51]. But, 

the nanoparticles are not well resolved at the specified 

magnification, this means that the crystallite size is smaller 

than the micrometer scale of the observed aggregates. This 

observation agrees with the crystallite sizes obtained from 

XRD analysis. The observed aggregation behavior is common 

in green synthesized ZnO nanoparticles using algae [52] and 

fruit extracts [53]. These studies attributed the observed 

aggregation to hydrogen bonding, van der Waals interaction 

and high surface energy of the particles associated with plant 

mediated synthesis of nanoparticles. 

 

Figure 7.  SEM micrograph of biosynthesized ZnO 

TEM analysis 

Transmission electron microscopy (TEM) images clearly 

demonstrate that the ZnO nanoparticles produced through 

biosynthesis exhibit a distinctive rod-like morphology, 

characterized by a tightly constrained size distribution, as 

depicted in Figure 8. The diameter of these ZnO nanoparticles 

spans a range from 9.6 nm to 25.5 nm. Remarkably, the 

dimensions of the ZnO nanoparticles in this study closely 

mirror those obtained through biosynthesis using leaf 

extracts of Parthenium hysterophorus L, Aloe barbadensis, 

and Poncirus trifoliate. This consistency underscores the 

reproducibility of the biosynthesis method across diverse 

botanical sources and emphasizes the potential utility of this 

approach in generating nanoparticles with controlled and 

desirable properties. The agglomerate surface is rough and 

porous, with the nature of the surface indicating that the 

nucleation process took place quickly and the particles grew 

and coalesced during the synthesis. The lack of rod-shaped 

or hexagonal platelet morphology reveals that there is no 

crystal growth which is isotropic with the chosen calcination 

temperature. This presents a striking consistency with observed 

finding by various research groups [54-57]. 

 

Figure 8.  TEM image of biosynthesized nano ZnO 

4. Conclusions 

The results of this paper show the possibility of green 

synthesis of nanoparticles using Strychnos henningsii leaf 

extract as a natural reducing and stabilizing reagent and 

systematically assessing the impact of synthesis temperature 

(40-70°C) with a constant pH 8 and reaction time of 2 h. The 

results have conclusively demonstrated that the optimum 

synthesis temperature is 70°C and the nanoparticles synthesized 

under this temperature had better structural and optical 

properties than those synthesized at lower temperatures. 

XRD analysis confirmed that all samples crystallized in 

the hexagonal wurtzite structure of ZnO, consistent with 

JCPDS 01-070-8072, with no secondary phases detected. 

Nanoparticles synthesized at 70°C exhibited the lowest 

lattice parameters (a = 3.0729 Å, c = 4.9239 Å), the smallest 

crystallite size (14.7 nm), the highest strain and dislocation 

density, and clear evidence of densely nucleated particles 

with enhanced crystallinity. In contrast, synthesis at 40°C 

produced larger, defect-rich crystallites (18 nm) with increased 

lattice parameters, indicating lower structural quality. These 

results highlight the critical role of reaction temperature   

in determining the structural quality of ZnO nanoparticles 



 American Journal of Environmental Engineering 2026, 16(1): 1-11 9 

 

 

under green synthesis conditions: 70°C yields highly crystalline, 

optically active, and defect-controlled nanoparticles, whereas 

40°C produces nanoparticles of inferior structural and optical 

quality. 
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