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Abstract

This study consists of a reliable process for synthesizing ZnO NPs by green method. Here, Eucalyptus globulus Labill. leaf 
extract is utilized as an e�cient chelating and capping agent for synthesizing ZnO NPs from zinc nitrate hexahydrate 
salt. The plant ingredients, structure, morphology, thermal behavior, chemical composition and optical properties of 
ZnO nanoparticles were investigated using several characterization techniques, namely XRD, FE-SEM, EDX, BET, Zeta 
potential, DLS, di�erential scanning calorimetry (DSC) analysis, FT-IR analysis and UV–Vis spectroscopy. The UV–Vis and 
FTIR analysis of Eucalyptus globulus leaf extract veri�ed that this extract is a promising candidate for biosynthesizing ZnO 
NPs. The XRD spectrum, DLS and the SEM images con�rmed the crystallinity and the spherical-shape of the ZnO NPs with 
an average size between 27 and 35 nm. The band-gap of the ZnO were measured to be around 2.67 eV. Zeta potential 
and BET analysis showed that, the biosynthesized ZnO NPs possess good stability and the their speci�c surface area is 
23.481 m2/g. DSC analysis exhibits two endothermic peaks related to the water evaporation absorbed by the NPs and 
modi�cation of zinc complex to zinc hydroxide, with a single exothermic peak related to the crystallization of ZnO NPs 
and degradation of organic materials.
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1 Introduction

Nanoparticles display novel characteristics which vary con-
siderably from those shown by their bulk material equiva-
lents due to their extremely tiny sizes, i.e. order of  10−9 m. 
Their tiny dimensions provide them extraordinary surface-
to-volume ratios which permit them to con�ne electron 
motions inside boundaries associated with improving the 
optical properties. This makes them particularly desirable 
in various application areas such as medicine [1], drug 
delivery [2], water puri�cation [3], agriculture [4], food [5], 
solar cells [6], cosmetics [7], textiles [8] and electronics [9].

Metals and metal oxides nanomaterial exhibit vital 
physicochemical properties which include higher 

conductivity, catalytic activity; unusual optical properties 
and pyro-mechanical properties. They also have antimicro-
bial activity against pathogenic microorganisms [10–13]. 
Concerning the biological activity of nanoparticles, it has 
been shown that silver (Ag NPs) and zinc oxide (ZnO NPs) 
have an inhibitory e�ect on the growth of bacterial and 
fungal strains, when used in concentrations comparable 
to those used in antibiotics to treat infectious diseases [14, 
15].

It has been proven that metal nanoparticles, despite 
offering antimicrobial activity, could exhibit cytotoxic 
effects on healthy and carcinogenic cell lines, depend-
ing on the concentration used [16, 17]. In addition, it 
has been indicated that the stability of nanoparticles is 
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endangered in physiological conditions since the pres-
ence of biological compounds such as enzymes can 
delay the effective action of nanoparticles at the site of 
infection.

Nowadays, various physical, chemical, biological and 
hybrid approaches are applied e�ectively in the produc-
tion of di�erent types of inorganic NPs, nevertheless they 
are pricey and need the usage of damaging chemical sub-
stances. Therefore, our environment is su�ering from harm 
and an enormous quantity of unwanted materials [18]. For 
the time being, we need to discover the paradoxes that 
may exist in nature for alternative plans. In this manner, 
we will be able to deal with environmentally friendly and 
repairable materials, and completely away from using 
toxic materials. These novel spotless skills can extremely 
decrease ecological pollution and decline the danger to 
human healthiness as a result of utilizing harmful chemi-
cals and solvents [19]. On the other hand, producing nan-
oparticles from physical and chemical approaches, with 
various dimensions and shapes, require stabilizing agents 
since in most cases they are unsteady [20].

Biosynthesized NPs from plant extracts are, usually, 
prepared from biological part of plants. Plant parts, for 
instance leaf, root, stem and seed, are widely utilized for 
synthesizing metal-based NPs. Moreover, plant extracts 
contain bioactive polyphenols, alkaloids, proteins, sug-
ars, phenolic acids, terpenoids, etc., they play a signi�cant 
role in reducing the metallic ions and later stabilizing them 
[21].

In order to solve the difficulties involved in the use 
of nanoparticles as antimicrobial agents, encapsulation 
of metal nanoparticles has been proposed as a strategy 
that would reduce the possible cytotoxic e�ect, improve 
stability and increase bioavailability. Thus, the degrada-
tion would be avoided, and therefore the circulation time 
would be increased allowing a controlled release of the 

active agent. Figure 1 displays the grouping of dissimilar 
NP production methods.

The Biosynthesis of plant mediated nanoparticles can 
be classi�ed into three phases: reduction phase, growth 
phase and stabilization phase [22]. The reduction phase 
is the most important phase wherein the metal ions are 
recovered from their salt forerunners over the interaction 
of plant metabolites; biomolecules that possess reduction 
capacities. The metal ions are transferred from their mono/
divalent oxidation statuses to zero valent statuses, then 
nucleation of the reduced metal atoms occurs [23]. Then 
the growth phase comes wherein the separated metal 
atoms merge to form metal nanoparticles, however, addi-
tional biological reduction of metal ions happens. The 
growth phase increases in enhanced thermodynamic 
steadiness of nanoparticles while the widespread nuclea-
tion might cause aggregation of produced nanoparticles, 
changing their morphologies. The �nal phase in biosyn-
thesis of nanoparticles is the stabilization phase. The nano-
particles eventually get their most intensely favorable and 
steady morphology when capped through plant metabo-
lites. The e�ective mechanism of green synthesis using 
plants is shown in Fig. 2.

In fact, several characteristics of the solution combina-
tion such as; the concentration of metal salt, plant extract 
concentration, pH of the reaction solution, etc., and extra 
reaction circumstances such as reaction period and tem-
perature have wide-ranging e�ects on the size, shape and 
quality of the biosynthesized nanoparticles [24, 25].

This study purposely focused on zinc oxide (ZnO) since 
ZnO is one of the most in-depth research semiconductor 
type metal oxides [26]. Among the semiconductor materi-
als, ZnO possesses a wide band-gap of about 3.37 eV as well 
as an exciton binding energy of 60 meV [27] and Wurtzite 
structure (Fig. 3). Besides the semiconductor characteristic, 

Fig. 1  Grouping of dissimilar 
nanoparticles production 
procedures
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ZnO possesses fascinating piezoelectric [28], oxidizing, [29] 
antibacterial, and photo-catalytic characteristics [30].

As a photo-catalyst, ZnO and its nano-composites exhibit 
outstanding aptitude in the direction of the degradation of 
organic pollutants in water under the ultra-violet radiation 
[31]. Thus, the photo-catalytic action of ZnO is achieved 
when the particles are in the nano-size range (1–100 nm) 
contrary to the macroscopic or bulk size. In addition, ZnO 
NPs showed a signi�cant role in solar energy adaptation 
equipment due to its e�ective photo activity, high steadi-
ness, cheap price and comparative harmlessness toward 
human beings and the surroundings [32].

The signi�cance of this study is ZnO NPs has been synthe-
sized through an easy method that avoids toxic chemicals 
and di�cult experimental processes. Then the biosynthe-
sized ZnO NPs from Eucalyptus globulus leaf extract can be 
utilized for many applications such as; photocatalytic activ-
ity, i.e. removing the organic pollutants in water, solar cell, 
Medical and Cosmetic applications.

2  Materials and methods

Zinc nitrate hexahydrate, Zn  (NO3)2·6H2O Molecu-
lar weight 297.48 g/mol and purity > 98.0%), sodium 
hydroxide pellets, and NaOH Molecular weight 40 g/
mol, were purchased from Sigma-Aldrich and utilized as 
received-commercially with unpolluted specialized sta-
tus. Fisher Scientific 11-600-49sh Isotemp Analog Hot 
Plate Stirrer was utilized as the heating source for the 
production of ZnO NPs. During the course of the ZnO 
NPs synthesis period, the hot plate was heated and the 
hot plate surface temperature was chosen to be around 
80 °C. X-ray diffraction (XRD) measurements were carried 
out using a PAN analytical X’ Pert PRO (Cu Kα = 1.5406 Å). 
The scanning rate was 1°/min in the 2θ range from 20° to 
80°. UV–Vis spectral analysis was recorded on a double-
beam spectrophotometer (Super Aquarius spectropho-
tometer) to ensure the formation of ZnO NPs. Morphol-
ogy and particle dispersion were investigated by field 
emission scanning electron microscopy (FESEM) (Quanta 
4500). The chemical composition of the prepared nano-
structures was measured by EDX (Energy Dispersive 
X-ray Spectroscopy) performed in FESEM. FT-IR analysis 
was carried out using a Perkin Elmer. FTIR spectropho-
tometer with a resolution of 4 cm−1 was used for inves-
tigation of the functional groups in the leaf extract and 
the NPs. The size of ZnO NPs were characterized by by 
dynamic light scattering. The particle size was computed 
utilizing a Malvern Zetasizer 3000HSA (Malvern, Worcs., 
UK) equipped with a 10-mW He–Ne laser (633 nm) and 
functioning at an angle of 90° and a temperature of 
20 °C. T. Differential scanning colorimetery (DSC) type 
(TA Instruments USA, DSC Q10) in the range 50–600 °C 
was utilized for the DSC curve. Thermogravimetric analy-
sis (TGA) was performed using Perkin-Elmer-Pyris1 ana-
lyzer (USA). The specific surface area of ZnO NPs were 
determined by nitrogen absorption BET method which 
was conducted on a Micromeritics ASAP 200 instrument 

Fig. 2  Biosynthesis mechanism 
for producing metal NPs

Fig. 3  Wurtzite structure of zinc oxide (ZnO)
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at the Ulster University in the UK. Adsorption data for 
nitrogen at the liquid nitrogen gas temperature, 77 K, 
were utilized.

2.1  Preparation of plant extract

Eucalyptus globulus Labill is an aromatic tree belong to 
Myrtle family. Normally reaches a height of 45.7–54.9 m 
and a diameter of 1.2–2.1 m [33]. In this study, Eucalyptus 

globulus Labill. was collected in Sami Abdulrahman Park 
(Latitude 36°11’28.9”N and Longitude 43°58’42.3”E) in Erbil 
city, Iraqi Kurdistan Region in spring season (April 2019). 
Fresh leaves of Eucalyptus globulus Labill. were washed 
several times with Distilled water, and then dehydrated 
to remove the remaining dust particles and moisture. 
Later, the leaves were converted to small pieces by cut-
ting them. About 20 g of the small pieces of leaves and 
5 mL of distilled water were put into a mortar and pastel 
and crushed into paste. 6 g of this paste was mixed with 
100 mL of distilled water in a beaker, after that, 2 Mole of 
NaOH solution was added dropwise to regulate the pH of 
the mixture, observed by a pH meter, to pH 8. The pH was 
not selected arbitrarily, since according to the literatures, 
in general, smaller sized NPs produced at higher pH [34].

Then the mixture was stirred almost continuously for 
1 h producing a cloudy precipitous of zinc hydroxide, Zn 
(OH)2, which was then centrifuged at 5000 rpm for 1 h and 

dried in an oven set to 60 °C. After that the mixture cooled 
to room temperature (Fig. 4).

2.2  Synthesis of zinc oxide nanoparticles

ZnO NPs were prepared utilizing green synthesis method 
by means of Eucalyptus globulus Labill. extract. After prepa-
ration of the plant extract as described previously, 30 mL 
of this extract was put into a beaker and heated gradually. 
When the temperature reached 60 °C, 3 g of zinc nitrate 
hexahydrate were added to this extract. After that the mix-
ture was continuously stirred, maintaining the tempera-
ture at 60 °C, until the mixture converted into a yellowish 
paste after 1 h. It is obvious that, the temperature of reac-
tion played important role in producing NPs, the optimal 
yield of NPs were achieved at 60 °C. Afterward the paste 
was blazed in a furnace at 400 °C for about 2 h then the 
residual was washed by ethanol and distilled water several 
times. The powder was then heated at 100 °C to dry. Then 
zinc oxide nanoparticles were obtained and they were 
ready for characterization. The middle of Fig. 4 shows the 
procedure of synthesizing zinc oxide nanoparticles using 
Eucalyptus globulus Labill. leaves extract and zinc nitrate 
hexahydrate as a precursor.

The mechanism and the responsible biomolecules for 
the nanoparticle’s formation via plant extracts have not yet 
been entirely documented [35]. The plausible mechanism 

Fig. 4  Schematic representation of ZnO NPs synthesis using the leaf extract of Eucalyptus globulus Labill. and zinc nitrate hexahydrate
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of ZnO NPs formation, using Eucalyptus globulus leaf 
extracts, is described as the following.

The biomolecules such as Tannins and flavonoids 
(Ar–(OH)n) of Eucalyptus globulus leaf extracts, responsi-
ble for formation ZnO NPs, could lose their electron for the 
e�cient reduction of  Zn2+ ions to  Zn0. This might cause 
the  Zn0-phenolate complex by chelating effect caus-
ing nucleation and growth of NPs at 60 °C. This complex 
undergoes direct decomposition at higher temperature of 
100 °C in air and lead to Zn NPs. Thus, the natural phenolic 
compounds had favorable e�ects on ZnO NPs synthesis.

3  Results and discussion

3.1  Characterization of Eucalyptus globulus Labill. 
leaf extract

3.1.1  UV–Vis analysis

Nowadays, in order to control the size and morphology 
of nanoparticles, investigators are using the individual 
plant phytochemicals for biosynthesizing nanoparti-
cles. The phytochemicals presence in the plant extract 
reduces metal ion to metal nanoparticles. Therefore, plant 
extract, at the same time, acts as a reducing and stabi-
lizing agent. UV–Vis spectroscopy monitors this reac-
tion progress. Spectra of UV–Vis spectroscopy displayed 

(1)nZn
2+ + 2Ar − (OH)n → nZn

0 + 2nAr = O + 2nH
+

(2)

2(x + 1)Zn0 + 2Ar = O + yO
2
→ 2

(

Zn0 − ZnxOy − Ar = O
)

a peak absorption correlated with the surface plasmon 
resonance, SPR, and collects conduction band electrons 
oscillations in reacting with electromagnetic waves, rep-
resenting metal ion reduction and nanoparticle forma-
tion. Eucalyptus globulus Extract (Fig. 5a) possesses only 
one peak, namely 257 nm. Tannins and flavonoids are 
considered the major phytochemical component of Euca-

lyptus globulus extract (Fig. 5b) which are considered as 
possible bio-reducing and stabilizing agents, due to the 
availability of OH groups, for nanoparticles synthesis [35]. 
These phytochemicals, being antioxidant and free from 
toxic chemicals, are extremely capable of reducing metal 
ions and stabilizing them in nanoscale dimension. They 
can also provide nanoparticles of di�erent shapes and 
dimensions [36].

The OH groups form a complex of Zn(OH)2 with the 
zinc ions. The mechanisms of the phase transformation 
from Zn(OH)2 to ZnO takes place in three ways, i.e. disso-
lutio–reprecipitation, in situ crystallization and solid–solid 
phase transformation. The loss of water from the lattice 
throughout the solid–solid phase transformation has also 
been suggested by Wang et al. [37].

We deduced that the maximum peaks, at 257 nm, in 
Fig. 5a might be associated with Tannin and �avonoid 
existing in Eucalyptus globulus leaf extract. According to 
the literature the absorption in the range 250–270 nm 
regions perhaps referring to the electronic transitions of 
benzene and its products, which might comprise numer-
ous aromatic compounds like phenolics which is reach in 
O–H groups [38]. Makarov et al. [39] claims that �avonoids, 
in general, through their OH group switched from the 
enol-mold to the keto-mold [40], donating a responsive 
hydrogen atom which reduces the metallic ion into nano-
particles. Among those functional organic-molecules the 

Fig. 5  a UV–Vis spectra of Eucalyptus globulus leaf extract, and b major phytochemical component of Eucalyptus globulus extract
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�avonoids combinations existing in the extract more likely 
had great empathies on the metals [41], that reduced  Zn2+ 
to  Zn0 [42]. Throughout air-drying, the produced  Zn0 were 
oxidized to produce ZnO NPs [43].

3.1.2  FT‑IR analysis

The Fourier transform infrared, FTIR, spectra of the plant 
extract and ZnO NPs were examined to �gure out if the 
functional groups related to these reductive biomolecules 
exists and specifying the functional groups that contrib-
uted to reduction of the ZnO into nanoparticles. Euca-

lyptus globulus Leaf extract (Fig. 6) possesses numerous 
bonds. The band 3446 cm−1 is correspond to H-bond [44]. 
The bands at 1570 cm−1 and 1417–1456 cm−1 correspond 
to N–H bond of primary and secondary amides and –C–N-
stretching vibration of amides or –C–O– stretching of alco-
hols, ether, carboxylic acids and anhydrides [45]. The peaks 
at 901 cm−1 and 680 cm−1 indicate the presence of alkyl 
halide groups. The broad absorption peak at 475 cm−1 indi-
cates the presence of alcoholic groups. Eucalyptus globulus 
Leaf extract contain simple phenolics and their derivatives, 
�avonoids and more complex polyphenolic compounds 
such as proanthocyanidins [46]. These compounds may 
be responsible for the reduction of metal or metal oxide 
ion into and formation of nanoparticles [47].

3.2  Characterization of ZnO NPs

In this study, numerous techniques were utilized to 
describe the structure, morphology, optical, and thermal, 
properties of ZnO NPs.

3.2.1  UV–Vis analysis

UV–Vis spectroscopy (Fig. 7) revealed a peak at 375 nm, 
which was typical of ZnO NPs. This was owing to the sur-
face plasmon resonance (SPR), and the sharpened peak 
con�rmed the construction of mono-dispersed ZnO NPs 
[48]. As a rule of thumb, the absorption peak maximum 
for ZnO NPs ranges between 300 and 380 nm [49]. The 
assessed value is lower than that of bulk ZnO given as 
380 nm [50] and display a blue shift in excitonic-absorp-
tion which speci�es a tiny quantum con�nement conse-
quence [51].

The straightforward band-gap energy (Eg) for the ZnO 
NPs is characterized through fitting the reflection data 
to the straight transform formula �hv = A

(

hv − Eg
)n

 , 
where α is the optical-absorption parameter, hv is the 

Fig. 6  FTIR spectra of Eucalyp-
tus globulus leaf extract

Fig. 7  UV–Vis spectrum of ZnO nanoparticles prepared by Euca-
lyptus globulus leaf extract and zinc nitrate hexahydrate salt, inset: 
Tauc plot of the same UV–Vis spectrum
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energy of photon, Eg is the straight band-gap, A is a 
constant and the power n is influenced by the type of 
optical-transition that predominates. Precisely, with 
n = 1/2, an optimum straightness has been perceived 
for the straight permitted transition, the best choice in 
the method considered here. The specific amount of 
the band-gap is described through the extrapolation 
of the rectilinear part of (αhv)2 versus hv to the x-axis. 
The straight band-gap is equals to 2.67 eV for ZnO NPs 
which is shown in Fig. 7. A decrease in the band-gap is 
expected as a result of using plant extract, since some 
plant extract component covers/modifies the surface 
and reduce the band-gap of the nanoparticles [52]. 
This consequence does not conflict with the quantum 
confinement effects especially for the green synthe-
sized nanoparticles. In general, the biosynthesized 
nanoparticles are more reactive than the equivalent 
nanoparticles prepared from the other methods [53]. 
Therefore, the overall high reactivity of particles in the 
quantum regime can also be attributed to increase in 
electron populations at the lower energy bands, due to 
decreased separation of energy states [54]. Metal NPs 
possess sizes which are much smaller than the wave-
length of visible light. They make interaction with light 
and they can absorb or scatter light. Metal oxides in 
their bulk status possess a wide band-gap and fewer 
ability to interact [55] but once their dimensions are 
decreased, they become supplementary responsive 
and their aptitude to interact can be inferred from their 
reflectivity and absorbance capabilities. The absorption 
peak for ~ 40 nm ZnO NPs has been described by Singh 
et al. [56] at 361 nm (3.44 eV) and 3.44 eV for the chemi-
cal synthesis of ZnO NPs [57], respectively.

3.2.2  FTIR spectroscopy analysis

The FTIR spectrum (Fig. 8), utilized to inspect the pureness 
and composition of biosynthesized ZnO NPs, reveals no 
distinct peak in the monitoring range intimating pureness 
of the ZnO nanoparticles produced by the green process. 
The broad band at 667 cm−1 vanished in the synthesized 
ZnO nanoparticles. Another peak was formed at 455 cm−1 
as a result of the formation of ZnO nanoparticles, precisely 
zinc and oxygen bonding vibrations [58, 59]. The band at 
1363 cm−1 correlated to the C–O stretching of the carbox-
ylic acid group. While the band found at 1483 cm−1, most 
probably, related to the –C=C– stretching of the aromatic 
compounds [60]. The robust and relatively wide band at 
3430 cm−1 could be allocated to the O–H stretching of 
phenolic compounds [61].

3.2.3  XRD analysis

X-ray di�raction analysis (Fig. 9) revealed the 2θ character-
istic peaks of ZnO at 31.60°, 34.22°, 36.11°, 47.35°, 56.45°, 
62.69°, 66.11°, 67.84°, 68.87°, 71.70° and 76.64° for (100), 
(002), (101), (102), (110), (103), (200), (112), (201), (004) 
and (202) planes of the crystal lattice, correspondingly. 
These peaks were agreeable with the regular JCPDS Card 
No. 89-0510 and proposed the existence of hexagonal 
Wurtzite form of ZnO NPs. The narrow and robust di�rac-
tion peaks point toward the optimum crystalline struc-
ture of ZnO NPs. The average crystallite sizes of ZnO NPs 
were calculated using Debye–Scherrer’s equation, i.e. 
D = k�∕� cos � , where D is crystal size, λ is the wavelength 
of the X-ray radiation (λ = 0.15406 nm) for Cu Kα, k is shape 
factor typically taken as 0.89, β is the full width at high 
maximum (FWHM) and θ is the di�raction angle [62].

Fig. 8  FTIR spectra of biosyn-
thesized ZnO nanoparticles
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According to Debye–Scherrer’s equation the aver-
age crystallite size for ZnO NPs was 27 nm confirmed 
the nano-size of the ZnO NPs (Table 1). Similar outcomes 
were found for the biosynthesized ZnO NPs utilizing Pel-

tophorum pterocarpum leaf extract [63], Adhatoda vasica 
leaf extract [49] and Arabic gum [64].

X-ray diffraction analysis confirmed the existence of 
even tinier nanoparticles than the SEM inspection. The 
larger ZnO nanoparticles in the sample caused by the 
agglomeration of smaller nanoparticles, whose existence 
is indicated by X-ray diffraction. The X-ray diffraction 
method allowed for the identifying smaller dimensions 
of nanoparticles.

The crystallinity of the biosynthesized ZnO NPs also 
calculated through the following equation [65]:

and the crystallinity was, 99.49%.
It can be noted, from the above calculation, that, the 

crystallinity of the biosynthesized ZnO NPs prepared by 
both Eucalyptus globulus leaf extract and zinc nitrate hexa-
hydrate salt is excellent and very close to 100%. This is very 
promising results and it was expected since plant extract 
replaced with the toxic chemicals and the available phy-
tochemicals in the plant extracts participated to produce 
narrow peaks in XRD spectra and con�rmed the crystallin-
ity of synthesized ZnO nanoparticles [66].

3.2.4  SEM analysis

The surface morphology of the biosynthesized ZnO NPs 
was principally characterized using FESEM analysis and 
the resulting images are displayed in Fig. 10a. It can be 
noticed that most of the ZnO NPs are in nanometer scale 
and are vastly hexagonal in shape with the average diam-
eter of 35 nm. Remarkably, the greatest amount of the ZnO 
NPs are identical in dimension together with an insu�-
cient large particles. In addition, the ZnO NPs are slightly 
agglomerated which is typical with the green synthesis 
nanoparticles. This is due to the fact that biosynthesis 
NPs possess higher surface area and the durable a�nity 
amongst them cause aggregation or agglomeration [67]. 
It can be stated that, the ecological factors highly in�uence 
the stability of NPs and agglomeration. Thus, throughout 
the process of nanoparticles formation the NPs stick to 
each other and impulsively form asymmetrical clusters 
[68].

Production procedure of ZnO NPs relies upon several 
growth parameters, comprising concentration of plant 
extract or biomass, concentration of salt, growth or reac-
tion time, temperature and pH of the solution. Therefore, 
calibration of these growth elements is essential in gain-
ing the required size and shape of NPs for their maximum 
manipulation and request.

3.2.5  EDX analysis

In order to expand supplementary vision into the topog-
raphies of ZnO NPs, the exploration of the sample was 
investigated by means of energy dispersive X-ray (EDX) 
analysis. The EDX spectra of the samples taken from the 
SEM investigation displaying that the sample produced 
through the above method has clean ZnO phase [69]. The 
EDX analysis (Fig. 10b) of the ZnO NPs indicates that our 
sample contains zinc, oxygen, and gold as essential ele-
ments. The EDX spectra displayed two robust peaks for 
zinc around 1 keV and 8.7 keV, correspondingly and a 

Crystallinity =
Area of Crystalline Peaks

Area of all Peaks(Crystalline + Amorphous)
× 100

Fig. 9  XRD patterns of ZnO NPs prepared by the biosynthesis 
method

Table 1  The ZnO NPs particle size calculation using Debye–Scher-
rer’s equation and data from Fig. 9

No. of peaks Planes Pos. (°2Th.) FWHM (°2Th.) Size (nm)

1 100 31.6341 0.2755 28.97068

2 002 34.2867 0.2558 32.50064

3 101 36.0837 0.2362 35.37301

4 102 47.4023 0.3542 23.49485

5 110 56.46 0.3149 28.63379

6 103 62.753 0.3542 26.27051

7 200 66.2729 0.3149 30.12759

8 112 67.8717 0.2362 40.53903

9 201 69.1166 0.3936 24.50814

10 004 72.3986 0.9446 10.422

11 202 76.8586 0.3936 25.76498

Average size 27.05502
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singular peak for oxygen at ~ 0.5 keV, which are typical 
for ZnO NPs [70]. The presence of gold is as a result of the 
sample coating throughout FESEM imaging. The high-
intensity of zinc and oxygen peaks show that the sample 
is mostly ZnO. Figure 10b indicated that the ZnO NPs sam-
ples possess 93.22% zinc weight percent associated with 
only 6.78% oxygen weight percent. On the other hand, 
The atomic percent of zinc was 79.39% accompanying 
with the 20.61% for oxygen atomic percent which gives 
the 4:1 ratio for Zn and O, correspondingly.

3.2.6  Dynamic light scattering (DLS) and zeta potential 

analysis

Debye–Scherrer’s equation, which has been mentioned 
previously, is an approximate conviction which is suit-
able only for spherical and semispherical particles. Thus, 
in order to obtain a trustable size measurement of NPs 

regardless the size and the shapes, one should either use 
Dynamic Light Scattering (DLS) or transmission electron 
microscope (TEM). In this study, the average size of the 
particles and size distribution of biosynthesized ZnO NPs 
were determined through DLS method. It can be seen, 
from Fig. 11, that the particle size of ZnO NPs, in general, 
bigger than the crystallite size in Table 1. Similar combina-
tion using chemical method has also reported by Getie 
et al. [71] and Mayekar et al. [72]. These groups of research-
ers highlighted that zinc nitrate hexahydrate salt produces 
smaller ZnO NPs than zinc acetate dehydrate salt.

According to Stokes–Einstein relation the diffusion 
coefficients can be converted to a hydrodynamic radius 
as: D =

kBT

6πηRh

 , where kB is Boltzmann’s constant, T the tem-

perature, ƞ the viscosity of the suspension medium and 
Rh the hydrodynamic radius [73]. It can be stated that, 
compared to XRD, DLS is relatively rapid and inexpensive 

Fig. 10  a FESEM and b EDX pro�le of ZnO NPs synthesized from Eucalyptus globulus leaf extract

Fig. 11  Particle size distribu-
tion using DLS for biosynthe-
sized ZnO NPs
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technique to measure a high number of samples. Also, 
DLS provides considerably larger values, which is per-
haps because of the hydrodynamical shell. The size of 
hydrodynamical shell, in turn, most probably dependent 
not only on the structure, but also on the shape and 
roughness of the particle [74].

Zeta potential investigation was performed to iden-
tify surface charge and steadiness of biosynthesized ZnO 
NPs. This study indicated that the capping molecules 
present on the surface of the biosynthesized ZnO NPs 
are mainly comprised of negatively charged groups and 
also responsible for the moderate stability of the nano-
particles. Assessment of zeta potential relies upon the 
motion of NPs under the impact of an applied electric 
field. This motion relies on surface charge and the local 
surroundings of the NPs.

The zeta potential of the biosynthesized ZnO NPs 
was measured in water as dispersion medium. The aver-
age zeta potential value recorded in this investigation 
was −40 mV (Fig. 12) indicated that the surfaces of bio-
synthesized ZnO NPs are coated with molecules which 
are mostly involved of negatively charged groups and 
likewise in charge for steadiness of the nanoparticles 
[75]. Similar results have been found by Azizi et al. [75]. 
It can be understood that, if the value of zeta poten-
tial between 0 to ± 5, ± 10 to ± 30, ± 30 to ± 40, ± 40 to 
± 60 and > ±61 mV is an indicator for rapid coagulation, 
incipient instability, moderate stability, good stability, 
and excellent stability respectively [76]. Thus, our biosyn-
thesized ZnO NPs possess good stability. This result is a 
good indicator that these nanoparticles possess consid-
erable active adsorption sites to absorb dyes, and heavy 
metal ions from aqueous systems.

3.2.7  DSC analysis

Di�erential scanning calorimetry (DSC) can validate an 
alteration in melting temperatures depending on grain 
size. Generally, the melting temperature of nanoparticles 
can be − 263.15 to − 173.15 °C beneath the bulk material 
due to a greater value of surface/volume ratio [77]. DSC 
analysis was utilized to describe the decomposition and 
thermal stability of nanoparticles measured from 50 to 
600 °C at the heating rate of 10 °C/min. It can be seen, 
from Fig. 12, that the DSC curve of the biosynthesized ZnO 
NPs exhibits two endothermic peaks with one exothermic 
peak centered at about 111.35, 223, 271.95 °C and 365.11 
respectively. A tiny endothermic peak recorded near 
111.35 °C, initiated at 100 °C is assigned to the vaporiza-
tion of the absorbed water by ZnO NPs. This tiny displace-
ment from 100 to 111.35 °C might be ascribed to the loss 
of unstable wetting agent molecules adsorbed on the 
surface of ZnO NPs throughout synthesizing process [78]. 
While, the exothermic peak that appeared at 365.11 °C is, 
perhaps, owing to the formation of ZnO NPs and degra-
dation of organic materials. This is a good indicator that, 
despite the crystallinity of the ZnO NPs which has been 
veri�ed by XRD analysis (Fig. 9), the ZnO NPs need further 
annealing until around 365 °C in order to be more puri-
�ed. Lastly, the peak nearby 271.95 °C is, most likely, allo-
cated to the alteration of zinc complex to zinc hydroxide 
(Zn(OH)2) [79].

3.2.8  Thermal stability

The thermogravimetric analysis (TGA) have been con-
ducted on the biosynthesized ZnO NPs. Figure 13 illus-
trates that the 2.3% weight-loss initiates lightly at 114 °C 

Fig. 12  Di�erential scanning calorimetry curve of the biosynthe-
sized ZnO NPs

Fig. 13  Thermogravimetric analysis (TGA) of the biosynthesized 
ZnO NPs
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followed by the 9% weight-loss at 200  °C due to the 
evaporation of water. The considerable weight-loss hap-
pened amongst 350 and 600 °C, which was about 65% 
of the actual weight as a result of the elimination and 
breakdown of organic-groups existing in the specimen 
throughout the biosynthesis process. Above 700 °C there 
was not any significant breakdown or reaction. The exo-
thermic peak observed in the DSC curve (Fig. 12) shows 
the highest peak at 365.11 °C which is, more likely, cor-
respond to 28% weight-loss as a result of burning out 
the organic compound.

3.2.9  BET surface area analysis

The BET analysis objectives to offer a description for 
the physical-adsorption of gas molecules on a solid 
surface and works as the origin for a crucial investiga-
tion method to directly measures surface area and pore 
size distribution. In 1938, Brunauer, Emmett, and Teller 
published the leading article about the BET analysis in 
the journal of the American Chemical Society [80]. The 
BET principle denotes to multilayer adsorption and nor-
mally accepts noncorrosive gases, i.e. nitrogen, argon 
and carbon dioxide, in our case we utilized nitrogen gas 
as adsorbates to find the surface area of ZnO NPs [81].

To find the surface area of ZnO NPs, BET equation [80], 
1

W

((

Po

P

)

−1

) =
1

WmC
+

C−1

WmC

(

P

Po

)

 has been utilized. Where W 

is the weight of gas adsorbed, P/Po is the relative pres-
sure, Wm is the weight of adsorbate as monolayer and C 
is the BET constant. BET equation needs a linear plot 
(Fig. 14) of 1

W

((

Po

P

)

−1

) contrary to P
Po

.

In BET equation s = C−1

WmC
= 65.409 represents the slope 

of the line in Fig. 13. While i = 1

WmC
= 1.758 represents the 

intercept of the line. After careful combinations between 
both the slope and the intercept one can easily �nd the 
weight of monolayer W

m
=

1

S+i
= 0.01488 . Then total sur-

face area St can be calculated from S
t
=

WmNaAcs

M
 , where Na 

is Avogadro’s number, 6.02214 × 1023 mol
−1 , M is the 

molecular weight of Adsorbate, M
ZnO

= 81.38 g/mol , and 
Asc is Adsorbate cross sectional area A

cs
= 16.200 Å2 for 

Nitrogen. Then speci�c surface area S can be calculated by 
S = S

t
∕w , where w is the utilized sample weight, 0.760 g. 

The specific surface area S of the ZnO powder was 
23.481 m2/g, which corresponds to a Hexagonal particle 
size of 32 nm from Eucalyptus globulus plant extract and 
zinc nitrate hexahydrate salt. Similar result has been found 
by Tarafdar et al. [82] using spherical ZnO nanoparticles 
with particles sizes ranging between 16 and 30 nm. The 
e�ect of surface area for developing photocatalytic behav-
ior is very important because of its aptitude to enable 
many active places to adsorb organic pollutants on the 
surface of catalyst, i.e. ZnO NPs in our case. The larger sur-
face area might o�er the adsorption of organic pollutants 
on the surface of the catalyst, possibly will result in improv-
ing photocatalytic activity. Thus, the biosynthesized ZnO 
NPs are predicted to display superior photocatalytic activ-
ity which can be used for water puri�cation.

4  Conclusions

Biosynthesis of ZnO NPs with the use of plant extract 
has improved remarkably due to their heterogeneous 
requests. This study involved, a quick and economic bio-
synthesis of ZnO NPs from aqueous leaf extract Eucalyptus 

globulus and zinc nitrate hexahydrate salt. The e�ective 
ingredients existent in Eucalyptus globulus leaf extract are 
behaving as a reducing agent along with the capping and 
stabilizing agents for the production of ZnO nanoparticles.

Several techniques, namely UV–Vis spectroscopy, FTIR 
analysis, XRD, SEM, EDX, BET, DLS and DSC have been uti-
lized in this investigation to analyze both the property and 
quality of the biosynthesized ZnO NPs. These techniques 
showed that the property of the biosynthesized ZnO NPs 
is comparable with the standard NPs prepared from di�er-
ent methods. Moreover, this study showed that Eucalyptus 

globulus leaf extract is a good candidate for biosynthesiz-
ing ZnO NPs due the existence of the vital phytochemicals 
that can act as a platform, in this manner playing the role 
of reducing in addition to capping agents in the biosyn-
thesizing of nanoparticles.

The utilized green method, in this investigation, pro-
vides hexagonal ZnO NPs with average diameter of 35 nm 

Fig. 14  Linear plot of BET equation to determine surface area of 
ZnO NPs



Vol:.(1234567890)

Research Article SN Applied Sciences (2020) 2:991 | https://doi.org/10.1007/s42452-020-2813-1

and very high crystallinity. Also, there was an excellent 
agreement between the particle size measurement using 
di�erent methods. DSC analysis indicated that, despite the 
very high crystallinity of the ZnO NPs, the ZnO NPs require 
additional annealing till about 365 °C in order to be more 
puri�ed. The biosynthesized ZnO NPs are thermally stable 
and until 350 °C there was not any considerable weight-
loss. The speci�c surface area of the biosynthesized ZnO 
NPs was 23.481 m2/g, which means each gram of the bio-
synthesized ZnO NPs is su�cient to cover a 6 × 4 m2 room. 
This study showed that through this green and economi-
cal method, high quality, thermally stable and nanosize 
ZnO particle can be produced in industrial scale and later 
can be utilized in diverse applications. According to zeta 
potential analysis the biosynthesized ZnO NPs in this 
study possess good stability. This result is a good indica-
tor that these nanoparticles possess considerable active 
adsorption sites to absorb dyes, and heavy metal ions 
from aqueous systems. Finally, due to the continuous exer-
tions to expand and enhance the aptitude of metallic and 
metal oxide NPs synthesis, the green synthesis method is 
expected to expand the application of ZnO NPs in medica-
tion and cultivation in the coming years.
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