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The environmentally friendly plant-based green synthesis approach provides a 

fabulous opportunity to produce versatile zinc oxide powders with multifarious 

morphology and/or size. In this study, it was mainly aimed at using Polygonum 

cognatum Meisn. extract to synthesize zinc oxide powder via a simple green 

synthesis route. For this purpose, zinc nitrate solution was mixed with an aqueous 

extract of fresh Polygonum cognatum Meisn. plant leaves to obtain a zinc-based 

precursor, and then zinc oxide powder was synthesized by means of calcination 

conducted at 400°C for 2 hours in air. Phase, spectroscopic, and microstructural 

analysis techniques, as well as Rietveld refinement method and Williamson-Hall 

analysis, were performed to investigate the powder characteristics. It was found that 

the synthesized high-purity zinc oxide powder had a hexagonal wurtzite crystal 

structure. Zinc oxide powder was observed to have a particularly large amount of 

nano-sized equiaxed particles (~25 nm in average diameter) together with micron-

sized hourglass-like particles consisting of two hexagonal prisms (each <1 μm in 

height). All in all, the main implication of our research is that the Polygonum 

cognatum Meisn. plant can be potentially used as a biomass source for the green 

synthesis of zinc oxide nano/microparticles. 

 

 
1. Introduction 

 

Zinc oxide (ZnO) is an important inorganic 

material with multifunctional characteristics due 

to its unusual physical, chemical, or biological 

properties [1–3]. Therefore, it is unsurprising that 

ZnO attracts great attention in technological 

areas and scientific studies. In the global market, 

ZnO-based products are mainly demanded by 

various industries, ranging from rubber, ceramic, 

and paint manufacturing to agricultural, food, 

pharmaceutical, electronics [4–6]. It stands out 

that the scientific community has made 

tremendous efforts to improve the properties and 

performance of zinc oxide-based compounds, 

particularly in powdery forms. Nano- and 

micrometer-sized zinc oxide particles have been 

synthesized through chemical, physical, and 

biological processing approaches [4, 6–8].  

Green synthesis routes, one of the most creative 

bottom-up synthesis methods, distinguish 

themselves from the others due to their 

straightforward implementation, cost-

effectiveness, eco-friendliness, and safety 

characteristics. The green synthesis procedure is 

considered a cleaner, more reliable, and more 

sustainable technique since it mainly requires 

biomass resources, non-toxic solvents and results 

in negligible waste and pollutant formation [2, 6, 

9–11].  

 

Biogenic compounds are usually derived from 

the most abundant life forms, i.e., plants, 

bacteria, algae, fungi, etc., by simple extraction 

methods. Especially, plant-based 

phytochemicals with chemical functional groups 

are widely used for reducing, stabilizing, and/or 

capping agents for metallic ions in the solvents. 

There are innumerable scientific studies in the 
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literature related to laboratory-scale processing, 

characterizations, and applications of the green 

synthesis of zinc oxide particles [11–27].  

 

Polygonum cognatum Meisn., colloquially 

known as "Madımak", belongs to the 

Polygonaceae family, which is a perennial plant 

that grows naturally in various regions of 

Anatolia in Türkiye at altitudes ranging from 720 

to 3000 meters. The shoots and leaves of this 

plant are usually consumed as meals in Central 

Anatolian cuisine, as well as used for some 

traditional medicinal purposes [28–37]. 

Polygonum cognatum Meisn. contains 

phytochemical compounds, i.e., phenolics, 

vitamins, flavonoids, and carotenoids together 

with some macro- and micro-nutrients [28, 29, 

31–38]. Moreover, previous studies have shown 

the presence of antioxidant, antimicrobial, 

cytotoxic, or antiproliferative activities in 

extracts derived from this plant [28, 31, 35, 36, 

38–40]. Recently, many scientists have shown 

great interest in the Polygonum cognatum spices 

for research and development activities in the 

fields of medicine, pharmacy, agriculture, 

biology, chemistry, biochemistry, etc. 

 

Polygonum cognatum plant extract possesses 

potential phytochemicals that can be used for 

green synthesis; however, there are few papers 

related to the biosynthesis of nano-sized particles 

using Polygonum cognatum plant extract in the 

literature. It was reported that metallic 

nanoparticles of copper, iron, or silver (ranging 

from 20 to 100 nm) were synthesized through 

extracts derived from Polygonum cognatum plant 

[41–43]. In addition, magnetite-reduced 

graphene oxide particles prepared using the 

aqueous extract of Polygonum cognatum as a 

stabilizing and reducing agent [44]. To the best 

of our knowledge, there is a gap in the literature 

about the green synthesis of metal oxide particles 

by using Polygonum cognatum spices. We 

believe that the Polygonum cognatum Meisn. 

plant could be a promising natural resource for 

green chemistry processing of metal oxide 

particles due to its bioactive components. 

 

The main motivation of this study is to 

demonstrate the green synthesis of ZnO particles 

by using the Polygonum cognatum Meisn. plant. 

For this purpose, the aqueous extract was first 

obtained from the fresh leaves of the Polygonum 

cognatum Meisn. plant collected in Sivas 

Province, Türkiye. Next, the reaction between 

zinc nitrate hexahydrate and plant extract 

solutions yielded the precursor. Finally, zinc 

oxide was synthesized via solid-state calcination 

of the precursor, and XRD, SEM/EDS, STEM 

analyses, as well as spectroscopic 

characterizations (FT-IR, UV-Vis, and Raman 

spectroscopy) were carried out. 

 

2. Materials and Methods 

 

Zinc nitrate hexahydrate (Zn(NO3)2·6H2O) 

(≥98%, Tekkim) was the sole chemical raw 

material as a zinc source used as received without 

further purification in this study. Figure 1 shows 

the steps of the green synthesis for zinc oxide in 

detail. 

 

In the first step, fresh Polygonum cognatum 

Meisn. plant collected in rural areas of Sivas 

Province (Türkiye) was purchased from the 

domestic market hall located in the downtown. 

The plant was kept in tap water in the deep, 

transparent container for a while. Thereby, it was 

easy to remove dirt and unwanted foreign 

substances since those had sunk to the bottom. 

Following that, we repeatedly washed the plant 

leaves, which had separated from the stem, in 

distilled water.   

 

In the second step, 40 grams of fresh leaves were 

soaked in 400 ml of distilled water in a 600 ml 

beaker and mixed for 2 hours on a hot plate at 

75°C with continuous stirring. The beaker was 

covered by PVC cling film to minimize 

evaporation during the process. Also, the 

constant temperature was maintained by using an 

external thermocouple attached to the magnetic 

stirrer. The mixture, which turned into a 

brownish-green color, was left for a while in the 

laboratory to cool down naturally to room 

temperature. The extract solution was filtered 

through Whatman filter paper (No. 1) and 

centrifuged at 15,000 rpm for 3 min. 

Subsequently, it was stored in the refrigerator 

until the next use.
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Figure 1. Detailed processing steps for the green synthesis of zinc oxide particles 

 

In the third step, 50 ml of the extract solution 

poured into a 250 ml beaker on a hot plate was 

heated up with continuous stirring at 400 rpm 

until temperature reached 60°C. Then, 50 ml of 1 

M zinc nitrate hexahydrate solution was 

gradually dripped into the heated extract 

solution. During this process, the formation of 

suspended gel-like small particles in the mixture, 

which was probably due to the reaction between 

zinc ions and bioactive compounds, could be 

immediately observed. The mixture with 50:50 

(% v/v) in a covered beaker was stirred at 300 

rpm at 60°C for 3 h.  

 

Subsequently, the temperature of the hot plate 

was increased above 100°C to evaporate the 

excess water in the heated mixture. Also, a fan 

was placed on the beaker after removing the PVC 

cling film. Meanwhile, the mixture turned into a 

viscous fluid with a brownish-orange color 

during the 7-hour heating procedure. 75 ml of 

distilled water was poured into the viscous fluid 

and then sonicated for 15 min. It was transferred 

into the polypropylene measuring cylinder to 

ensure the spontaneous sinking of the precipitate 

to the bottom. The supernatant was removed for 

each step before refreshing the water. Thereby, 

the precipitate was rinsed with distilled water 

several times to remove any unwanted excess. 

Eventually, dried participate was put in the 

porcelain crucible and calcined at 400°C for 2 h 

with 5°C/min heating and cooling rates in air. 

 

The phase formation of the powder was checked 

by an X-ray diffractometer (XRD) (Rigaku 

Miniflex600, Japan) using CuKα radiation. 

Rietveld refinement for the XRD data of ZnO 

powder was carried out using MAUD software 

(Materials Analysis Using Diffraction, Version 

2.9993) [45]. Microstrain (ε) and crystallite size 

(D) were determined by using Williamson-Hall 

analysis [46]. The microstructure and elemental 

analysis of powder were examined by a field 

emission scanning electron microscopy (SEM) 

equipped with an energy dispersive spectroscopy 

(EDS) detector and a STEM detector (TESCAN 

MIRA3 XMU). Attenuated total reflection 

Fourier-transform infrared (ATR-FTIR) 

spectrum was recorded in the range of 4000–400 

cm-1 (Bruker, Tensor II). A UV–Vis diffuse 

reflectance spectroscopy (Thermo Scientific 

Evolution 201) was used to determine the band 

gap of ZnO in the wavelength range of 200–800 

nm. The Raman spectrum of calcined powder 

was measured directly by using Raman 

spectroscopy with a 532 nm laser (Jasco 

NRS4500 confocal Raman microspectroscopy) 

performed between 95 and 875 cm−1. 

 

3. Results and Discussion 

 

Figure 2 shows the X-ray diffraction patterns of 

green synthesized powder zinc oxide calcined at 

400°C for 2 h. The peaks observed at 2θ = 31.76° 

(100), 34.42° (002), 36.26° (101), 47.54° (102), 

56.58° (110), 62.84° (103), 66.36° (200), 67.97° 

(112), 69.08° (201), 72.58° (004), and 76.92° 
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(202) nicely correspond to the characteristic 

peaks of zincite crystal (JCPDS card # 36-1451). 

In addition, Rietveld analysis was performed to 

determine the crystal structure of synthesized 

ZnO particles based on the Crystallographic 

Information File (CIF) of the zincite mineral 

(card no. 2300450) obtained from 

Crystallography Open Database [47].  During the 

refinement process, all indexed peaks were used, 

excluding the Kβ peak (at 2θ~28°) arose from the 

instrumental setup. The experimental diffraction 

data (Yobs), the calculated diffraction data (Ycal), 

and their difference (Yobs-Ycal) were 

demonstrated in Figure 2, as well as the peak 

positions of zincite (vertical blue lines). 

The Rietveld refinement output of Rb (%) = 6.83, 

Rwp (%) = 7.65, Rexp (%) = 3.41, and χ2 = 2.24 

obviously indicated that the calculated data was 

in good agreement with the observed ones. In 

other words, the XRD pattern revealed that the 

peaks match well with the zincite ZnO. Besides, 

the lattice parameters such as unit cell lengths, 

angles, and volume for synthesized particles 

were computed as a=b= 3.2508 Å ±7.59E-5, c= 

5.2074 Å ±1.37E-4 (c/a= 1.60188), α=β= 90°, γ= 

120°, and V= 47.656 Å3. It means that the green 

synthesized zinc oxide particles clearly possess a 

hexagonal wurtzite-type crystalline structure.

 

 
Figure 2. X-ray diffraction patterns of green synthesized calcined zinc oxide powder and Rietveld 

refinement result 

 

Meanwhile, bond length (L) between Zn and O 

was calculated as 1.9783 Å by using lattice 

parameters based on the equation (1) [48]. 

 

𝐿 = √(
𝑎2

3
+ 𝑐2 (

1 − 2𝑢

2
)
2

) (1) 

 

where both a and c are unit cell lengths, u is the 

positional parameter (𝑢 = [1 4⁄ + 1 3⁄ (𝑎 𝑐)⁄ 2
]).  

On the other hand, Williamson-Hall analysis was 

carried out based on the equation (2) to determine 

the lattice strain and crystallite size of green 

synthesized zinc oxide powder [46]. 
 

𝛽ℎ𝑘𝑙𝑐𝑜𝑠𝜃 =
𝐾𝜆

𝐷
+ 4𝜀𝑠𝑖𝑛𝜃 (2) 

 

where βhkl is the peak broadening, K is the shape 

factor (0.94), λ is the wavelength of CuKα    

radiation (1.5406 Å), D is crystallite size, and ε 

is the lattice microstrain. βhkl values were 

obtained from the full width of half maximum 

(FWHM) of each XRD peak estimated by using 

the Voigt model.  Figure 3 depicts the 

Williamson-Hall plot together with linear 

regression results for green synthesized zinc 

oxide powder. The crystallite  size (D) and 

microstrain (ε) values, which are obtained by the 

intercept on the y-axis and the slope of linear fit 

line, respectively, are 48 nm and 0.00133 for 

calcined zinc oxide powder. 

 

Powder characteristics could differ based on the 

processing conditions, raw materials, 

ingredients, etc. For example, the crystallite size 

and microstrain values for ZnO powders 

synthesized via similar green routes by using 

various plant-based extracts and calcined at 

400°C were reported to be D = 4.5-17.8 nm and 

ε = 0.0065-0.0078 in a previous work [49], 

whereas another study reported D ≈ 35 nm and ε 

= 0.000346 [50]. 
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Figure 3. Williamson-Hall plot of green synthesized zinc oxide powder 

 

FTIR spectroscopy is a practical tool for 

analyzing the functional groups of materials. 

Figure 4 depicts the room-temperature ATR-

FTIR spectrum of the green synthesized ZnO 

particles taken in the range between 400 and 

4000 cm–1. All prominent absorption peaks at 

479, 552, 705, 1055, 1396, 1624, 2097, 2343, and 

3382 cm-1 were marked in the FTIR spectrum. 

The absorption peaks observed at 479, 552, and 

705 cm-1 highly likely belong to zinc oxide with 

a hexagonal wurtzite structure. The absorption 

bands around 400-700 cm-1  were  reported to be

 

 
Figure 4. ATR-FTIR spectrum of green synthesized zinc oxide particles 

 

associated with the Zn–O stretching in the zinc 

oxide lattice in pervious works [20, 22, 49–55]. 

Especially, the strong peak at 479 cm-1 that 

appeared in the FTIR spectrum was very close to 

the ones stated as the characteristic absorption 

peak for ZnO. On the other hand, the explicit 

peaks at ~2343 and 3382 cm-1 were undoubtedly 

corresponding to the characteristic O-H 

stretching and O=C=O stretching arising from 

atmospheric moisture and carbon dioxide, 

respectively [14, 20, 55]. In addition, there were 

some divergent evaluations about the other 

absorption bands between ~1000 and 3000 cm-1 

could belong to various functional groups of 

organic compounds with stretching or bending 

vibrations, i.e. C=C, C=O, C−N, C−H, etc [14, 

20, 49, 51, 53]. Meanwhile, it was also possible 

that some residual matters, resulting from 

organic extracts used for the green synthesis of 

zinc oxide, remained in the structure due to the 

low heat treatment procedure [20, 22, 50, 55]. 

 

Raman spectroscopy is one of the most useful 

characterization techniques that provides insight 

into the chemical fingerprints of various 

materials. Figure 5 shows the room-temperature 

Raman spectrum of the green synthesized ZnO  

particles taken in the spectral range between 95 

and 875 cm–1. All distinguishable peaks at 100, 

118, 165, 263, 334, 380, 410, 438, 579, 685, and 
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812 cm-1 were marked in the Raman spectrum. 

The optical phonons (Γopt) at the center of the 

Brillouin zone can be described as Γopt = A1 + E1 

+ 2E2 + 2B1 for the crystalline zinc oxide with a  

hexagonal wurtzite structure, which is a member 

of the P63mc space group. The Raman active 

polar modes of A1 and E1 split into the vibration 

modes of transvere optical (TO) and longitudinal 

 

 
Figure 5. Room-temperature Raman spectrum of green synthesized zinc oxide particles 

 

optical (LO), whereas E2 modes (E2
low and E2

high) 

are Raman active but exhibiting a non-polar 

nature. On the other hand, the B1 modes are 

silent, in other words, Raman inactive [56]. The 

peaks at 100 cm-1 and 438 cm-1  are the 

characteristic phonon modes belonging to ZnO, 

designated as E2
low and E2

high, respectively [56, 

57]. The vibration of zinc atoms results in low-

frequency phonon mode (E2
low), whereas high-

frequency phonon mode (E2
high) is associated 

with the vibration of oxygen atoms. On the other 

hand, the sharp intense peak observed at 438 cm-

1 is an obvious indication of the hexagonal 

wurtzite structure of zinc oxide [58–60].  

 

Meanwhile, the peaks at 118 cm-1 and 165 cm-1 

could arise from E2
low asymmetric tail (E2

low, tail) 

modes [57]. The peaks located at 334 cm-1 and 

410 cm-1 are related to the E2
high−E2

low and 

E1(TO), respectively [56]. As for the Raman 

active polar of A1, the peaks at 380 cm-1 and 579 

cm-1 highly likely correspond to A1 (TO) and A1 

(LO) modes, respectively [56, 57]. The peaks at 

263 and 812 cm-1 could be associated with the B1 

silent modes. Those modes were reported as B1
low 

at 261 cm-1 and B1
low+B1

high at 810 cm-1 [61], 

which were predicted by the calculations for 

wurtzite-type zinc oxide in earlier works. The 

silent peaks seen in the Raman spectrum of zinc 

oxide could be activated due to the lattice 

disorder or defects triggered by impurities, 

dopants, secondary phases, or processing 

conditions [56, 58, 61].  

 

The activation of the Raman inactive B1 silent 

modes was believed to be linked to probable 

minor amounts of elements resulting from raw 

materials and/or plant extract used for green 

synthesized zinc oxide. On the one hand, we 

assumed that the peak at 685 cm-1 was a 

combination of several peaks nearby. According 

to peak-fit analysis (not shown here), there were 

highly likely two separated multiphonon peaks at 

674 and 700 cm-1, which was in good agreement 

with the literature results [56, 57]. 

 

Figure 6 shows the UV-Vis spectrum of 

synthesized zinc oxide powder in the range 

between 200 and 800 nm, together with the Tauc 

plot. There is an obvious absorption peak 

appeared at 375 nm, which is within the UVA 

region, in the UV-Vis spectrum of the powder. 

The absorption peak values were reported to be 

typically between 367 and 393 nm for various 

zinc oxide powders synthesized by means of the 

plant-based green chemistry route [14, 27, 49, 50, 

53].  

 

The absorption peak at 375 nm was close to the 

characteristic peak for ZnO with a hexagonal 

wurtzite crystal structure. In some cases, a red-

shift or blue-shift of the absorption peak for ZnO 



Sakarya University Journal of Science, 28(5) 2024, 984-999 

990 
 

in the UV-Vis spectrum could be observed due to 

the processing parameters (i.e., impurities, 

doping, concentration, calcination temperature, 

etc.) [14, 49, 50]. The Tauc plot (see inset in 

Figure 6.) was used to ascertain the optical band 

gap energy (Eg) of synthesized zinc oxide 

powder. The plot of energy vs (αhν)2, in other 

words, the Tauc plot, was obtained based on the 

equation (3) [62]. 

 

(𝛼ℎ𝜈)1/𝛾 = 𝐴(ℎ𝜈 − 𝐸𝑔)  (3) 

 

 
Figure 6. UV-Vis spectrum of the zinc oxide powder and the Tauc plot 

 

where α is the energy-dependent absorption 

coefficient, h is the Planck’s constant, ν is the 

photon’s frequency, A is energy-independent 

constant, Eg is the optical band gap energy, and γ 

is the coefficient related to the nature of the 

electron transition and corresponds to 1/2 or 2 for 

direct and indirect allowed transition band gaps, 

respectively. The direct Eg was represented by 

the intersection of the x-axis of the Tauc plot, 

which was determined with the help of the 

extrapolation of linear fitting, where an abrupt 

increase in the values of (αhν)2. The direct Eg of 

synthesized zinc oxide powder was estimated at 

3.19 eV. It is known that the direct Eg is 

approximately 3.37 eV for zincite mineral with a 

hexagonal wurtzite crystal structure [4, 21]. In 

addition, it is seen that direct bandgap values 

between 3 and 3.37 eV to have been reported for 

pure zinc oxide powder produced by various 

green synthesis methods in the literature [14, 20, 

49, 63].  

 

Figure 7 demonstrates the SEM micrographs and 

EDS analyses of calcined powder. The low-

magnification image in Figure 7a represents the 

general view of agglomerated calcined powder. 

There are three distinct types of particle shapes, 

such as nano-sized round-like, micron-sized 

hourglass-like, and sub-micron plate-like shown 

in Figure 7b-d. Plenty of nano-sized round-like 

particles stand out as well as a considerable 

amount of micron-sized hourglass-like particles 

and few amounts of sub-micron plate-like 

particles. It is highly likely that several bioactive 

phytochemical compounds, especially phenolics, 

vitamins, flavonoids, or carotenoids in the 

Polygonum cognatum Meisn. extract, act as 

reducing, stabilizing, and/or capping agents for 

Zn2+ metallic ions in the solution. During the 

green synthesis procedure, disassociated Zn2+ 

ions from zinc nitrate solution were probably 

attached to functional groups of biogenic 

compounds in the extract due to interaction 

between them; therefore, the nucleation arose in 

the early stages of the process. Then, particle 

growth occurred as a result of the Ostwald 

ripening mechanism, and thereby a zinc-based 

intermediate complex precipitated [2, 9, 10, 12, 

13, 21].  

 

Besides, a calcination procedure (200-900°C, 

most preferably about 400°C) is usually required 

to transform an intermediate compound 

consisting of the coalescence of very small 

precursors into crystalline pure zinc oxide nano- 

or micro-particles [2, 16, 20, 50]. During the 

solid-state calcination step, smaller particles are 

basically consumed by bigger ones thanks to the 

Ostwald ripening mechanism. Particularly, the 

agglomeration tendency of nano-sized particles 
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with higher surface energy is supposed to have 

been responsible for the formation of bigger, 

micron-sized hexagonal columnar particles via 

the heat treatment process. 

 

The exiting of small precipitates on the 

hexagonal columnar particles seen in Figure 7c 

was considered as the evidence of the aforesaid 

growth mechanism. Meanwhile, hexagonal 

prism-shaped zinc oxide particles essentially 

resembled hourglass-like morphology (max. ~2 

μm in height). Similar micron-sized zinc oxide 

particles were reported to be synthesized by 

various methods [64–68], i.e. chemical bath 

deposition, hydrothermal, sol-gel, combined 

ultrasonic/microwave irradiation, etc. Indeed, the 

hourglass-like morphology consisted of two  

 

 
Figure 7. SEM micrographs and EDS analyses of green synthesized ZnO particles. General view of 

agglomerated calcined powder (a), nano-sized round-like particles (b), micron-sized hourglass-like particles 

(c), sub- micron plate-like particles (d), EDS spectrum of hourglass-like particle (e), and EDS spectrum of 

synthesized zinc oxide powder (f) 

 

identical hexagonal prisms, that is, dimer 

structure.  

 

Each ZnO microcrystal with a hexagonal prism 

shape typically possesses two polar planes: 

(0001) at the top and (0001̅) at the down of the 

wurtzite unit cell. Previous studies highlighted 

the effects of the Ostwald ripening phenomenon, 

van der Waals interaction, and/or electrostatic 

interactions on the nucleation, the aggregation of 

small particles, and the formation of hexagonal 

dimer structures of ZnO [65, 66, 68]. It was 

believed similar mechanism(s) resulted in the 

formation of small-sized truncated hexagonal 

prisms with approximately 800 ±100 nm in 

height and 500 ±50 nm in side-length of base in 

the first stages of the process. It was highly likely 

that the final hourglass-like dimer structure 

emerged when two hexagonal prisms joined each 

other by virtue of the coupling of their (0001) 

planes [65, 66, 68]. 

 

EDS analysis clearly indicated that the presence 

of zinc and oxygen atoms for the individual 

hourglass-like particle shown in Figure 7e. 

According to the ESD analysis taken from the 

larger area of the suppressed powder shown in 

Figure 7f, atomic ratios were found to be 44.59% 

of Zn, 54.50% of O, 0.53% of P, 0.22% of S, and 

0.13% of Cl, except for C from conductive 
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carbon tape. Note that characteristic peaks of 

negligible amounts of minor elements cannot be 

well distinguishable compared to the main 

elements (Zn and O) in the EDS spectrum in 

Figure 7f. Some residual elements were known 

to remain in the green synthesized zinc oxide by 

using the plant extract after even high-

temperature calcination (≥ 400°C) [14, 50].  
 

For instance, Polygonum cognatum Meisn. plant 

extract was reported to involve some elements 

such as P, S, Cl, N, etc. in previous works [31, 

69]. Also, residual elements could be attributed 

to the used zinc nitrate hexahydrate raw material 

with ≥98% purity, which was used in this study. 

Regardless of the origin of residuals, the 

existence of minor elements was believed to be 

associated with their energetic stability at the 

calcination temperature of 400°C. This 

temperature was very close to the most preferred 

ones for synthesized zinc oxide powders in the 

literature. Actually, the aim of the calcination is 

to ensure the formation of a crystalline phase 

together with the decomposition and/or burnout 

of residual matters come from the plant extract. 

Maybe a higher calcination temperature is useful 

in terms of being free from residuals; however, 

the risk of the exaggerated particle growth and 

the deterioration of morphology should be taken 

into account at the same time. Given that the 

overall phase characteristics of green synthesized 

zinc oxide in our study were in good agreement 

with those reported in the literature, the 

calcination temperature of about 400°C was 

believed to be reasonable.  
 

Figure 8 depicts the STEM images of 

nanoparticles separated from synthesized zinc 

oxide powder, particle size distribution, and the 

Tyndall effect of colloidal suspension.  Figure 

8a-b shows STEM images of nanoparticles 

isolated from synthesized zinc oxide powder by 

simple procedure. Briefly, a small amount of 

ZnO powder was added to distilled water and 

subjected to ultrasonic energy, then kept 

stationary. It was observed that the larger 

particles settled down immediately owing to the 

gravitational force, while nanoparticles 

suspended in the distilled water exhibited 

colloidal dispersion behavior. The isolated 

nanoparticles stand out as having a virtually 

equiaxed particle shape together with 24.8 nm of 

mean particle size, as seen in Figure 8c. In 

addition, the Tyndall effect was conspicuously 

observed for nanoparticles suspended in the 

distilled water that exhibited colloidal dispersion 

behavior because the light beam from the laser 

source dramatically scattered due to the strong 

interaction with the suspended nanoparticles (see 

Figure 8d). On the contrary, the light was 

invisible in distilled water because it directly 

passed through without any interaction.  
 

 
Figure 8. STEM image of nanoparticles (a-b), particle size distribution (c), the Tyndall effect of colloidal 

zinc oxide particles (d). 
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Indeed, the number, morphology, size, and purity 

of the particles strongly depend on the process 

parameters of the green synthesis procedure, 

especially the type of plant species and their 

ingredients, the concentration of the raw material 

and extract, the pH of the solutions, reaction time 

and temperature, calcination temperature, etc. In 

this study, we essentially focused on the specific 

process parameters to find out whether or not the 

Polygonum cognatum Meisn. could be a 

promising plant in terms of the green synthesis of 

zinc oxide. In the light of these results, particle 

characteristics, especially size and morphology, 

of zinc oxide particles can be tailored for various 

applications by using Polygonum cognatum 

Meisn. extract thanks to future systematic 

studies.   

 

4. Conclusion 

 

The aim of the current study is to reveal the 

potential of using Polygonum cognatum Meisn. 

plant extract in the green synthesis of zinc oxide 

powder. Zinc oxide powder was synthesized via 

the calcination at 400°C for 2 hours of the 

precursor, which was obtained by mixing zinc 

nitrate solution and Polygonum cognatum Meisn. 

aqueous leaf extract with the specific process 

conditions.  X-ray diffraction, spectroscopic, and 

microstructural analysis techniques were used for 

the powder characterizations.  

 

The results obviously demonstrated that the 

synthesized powder was pure zinc oxide with a 

hexagonal wurtzite crystal structure (a=b= 

3.2508 Å, c= 5.2074 Å, α=β= 90°, and γ= 120°). 

The crystallite size and microstrain values were 

estimated at 48 nm and 0.00133, respectively. 

The direct allowed Eg was calculated as 3.19 eV 

based on the absorption peak observed at 375 nm 

in the UV-Vis spectrum of zinc oxide powder. It 

was found that equiaxed nanoparticles with a 

mean particle size of ~25 nm were accompanied 

by hourglass-like microparticles, which 

consisted of two hexagonal prisms with a height 

of <1 μm each. In conclusion, the main 

implication of this study is that the Polygonum 

cognatum Meisn. plant extract can be a 

promising biomass source to tailor the green 

synthesis of zinc oxide nano/microparticles with 

various morphologies, which can be used for 

numerous technological applications. 
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