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RESEARCH ARTICLE

Synthesis and Characterization of Zinc Oxide
(Zn0O) Nanoparticles: From Chemical to Green
Synthesis

Kawa S. Sulaiman® *, Ayoub S. Karim

Department of Physics, College of Education, Salahaddin University-Erbil, Erbil, Iraq

ABSTRACT

The present research focuses on the synthesis and comparative analysis of zinc oxide nanoparticles (ZnO NPs) produced
through two distinct methodologies: a traditional sol-gel procedure and a sustainable green synthesis route. The green
synthesis approach utilized Laurus Nobilis leaf extract as a natural reducing and stabilizing agent, offering an eco-friendly
alternative to conventional chemical synthesis. To evaluate the structural, optical, and morphological properties of the
resulting nanoparticles, both sets of samples were characterized using UV-Vis spectroscopy, XRD, energy-dispersive X-ray
spectroscopy (EDX), FTIR, and Field Emission Scanning Electron Microscopy (FESEM). The XRD patterns confirmed
the successful formation of a hexagonal wurtzite structure in both samples, indicating high crystallinity. The average
crystalline size was calculated to be 25.77 nm for the sol-gel approach and 18.46 nm for the green synthesis. UV-
Vis spectroscopy was employed to investigate the optical characteristics, revealing average band gaps of 2.84 eV for
the sol-gel method and 2.81 eV for the green method. Furthermore, EDX characterization demonstrated that the ZnO
NPs possessed high elemental purity; the sol-gel method resulted in 80.9% zinc and 19.1% oxygen, while the green
method yielded a composition of 81% zinc and 19% oxygen. Morphological analysis via FESEM micrographs revealed a
significant difference in particle shape: the sol-gel method produced nano-rice or nano-rod formations with an average
size of 173 nm, whereas the green technique produced predominantly spherical nanoparticles with an average size of
151 nm. These results highlight the effectiveness of both methods in producing high-quality metal oxide nanoparticles
with controllable physical properties.

Keywords: Characterization, Green synthesis, Laurus nobilis, Sol-gel method, ZnO nanoparticles

Introduction

Nanotechnology is a multidisciplinary field
centered on the engineering and manipulation
of structures and devices at the atomic and
molecular scale, typically under 100 nanometers. Its
significance stems from its capacity for atomic-level
control, which enables transformative applications
across electronics, optics, optoelectronics, and
biology, including targeted gene delivery and the
enhancement of radiological therapies.! There are
three methods for producing nanoparticles: physical,

chemical, and biological. Although physical and
chemical processes have traditionally been used
to create nanoparticles, they are hazardous to the
environment since they need a lot of energy and
dangerous materials.? An eco-friendly substitute
for conventional synthesis methods has been made
possible by green synthesis technologies, especially
plant-mediated processes. These techniques have
employed biomolecules, microbes, or plant extracts
to stabilize nanoparticles and lower metal ions.
One major area of nanotechnology advancement
at the moment is the creation of nanoparticles in
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a more environmentally friendly and bio-based
manner. >

Zinc oxide (ZnO)—an inorganic semiconductor
with a hexagonal wurtzite structure—has a large
band gap (3.37 eV) and a high exciton binding energy
(60 meV), making it very promising. *°

Nanoparticles made of zinc oxide (ZnO NPs) have
several useful characteristics, such as being trans-
parent to light, conducting electricity, piezoelectric,
biocompatible, inexpensive, abundant in nature, and
long-lasting.®” They are employed in many differ-
ent fields, including laser and optoelectronic devices,
paints, varnishes, polymers, solar cells, gas sensors,
catalysis, and medications. ®° Numerous applications
for these particles exist, such as medication delivery,
filtration, tumor heating, nanocomposites, and medi-
cal imaging. 1!

There are different ways to make ZnO-NPs of
different sizes, such as using solvothermal and
hydrothermal synthesis,'? precipitation'® polymer-
ization method,!* laser ablation'®> sonochemical '®!7
chemical vapor deposition,'® thermal decomposi-
tion!® and sol-gel.?’ Because the sol-gel method
enables controlled consolidation, shape change,
nanostructure patterning, and low processing tem-
peratures, researchers are very interested in it.?!
Numerous investigations examine the biosynthesis of
ZnO NPs utilizing various natural plant extracts. The
findings show that the samples’ properties change de-
pending on the plant extract source used.???* In the

Table 1. Literature review of recent studies on ZnO NPs.
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literature review Table 1, recent studies on ZnO NPs
synthesized using different plant extracts are sum-
marized. Additionally, the sol-gel method has also
been widely used for the synthesis of ZnO NPs, and
several studies provide comparisons between these
two approaches.

The novelty of the present study is the synthesis of
ZnO NPs via two distinct methods, namely a sol-gel
technique and a green route using Laurus nobilis leaf
extract. A systematic comparison of the structural,
morphological, compositional, and optical properties
of the obtained nanoparticles is performed. To the
best of our knowledge, this is the first study reporting
the use of Laurus nobilis extract for ZnO NP synthesis
and its direct comparison with the sol-gel method.

Materials and methods
Chemical use

In this work, =zinc acetate dehydrate
(ZnC4Hg042H,0), ethylamine (CH3N), ethanol
(C2H50H), sodium hydroxide (NaOH) from Schallab
S.L., Spain, and deionized water were all acquired
from RIEDEL-DE-HAEN AG.

Preparation of plant extract

Laurus nobilis, commonly known as the bay
laurel, is a native evergreen shrub or tree of the

Synthesis method Precursor type Reducing and stabilizing agent Morphology of NPs References
Sol-gel Zinc nitrate NaOH Spherical shape 24
Green Zinc nitrate Brassicaceate seed extract Spherical shape

Sol-gel Zinc nitrate hexahydrate Arabic gum Spherical, uniform 25

Chemical: Wet precipitation
Green: Marine alga

Green: Ultrasonication-
assisted

Green

Green: Co-precipitation

Sol-gel: Review

Green

Sol-gel

Green
Green: Multiple plants

Chemical: Zinc nitrate
Green: Zinc acetate
dehydrate

Zinc acetate dihydrate +
NaOH (pH adj.)

Zinc acetate dihydrate +
NaOH (pH 12)
Zn(OAc)-2H50 and
Zn(NO3)2-6H20 (two
batches)

Zinc acetate dehydrate, zinc
chloride; solvent: ethanol
Zn(NO3)5-6H2,0 + NaOH
(pH adj.)

Zinc acetate
(C4Hg04Zn-2H50) in ethanol
+ NaOH

Zn(NO3)2-6H20

Zinc acetate or zinc nitrate
(study-dependent)

hexahydrate + NaOH

spherical

26

Ulva fasciata aqueous extract  rod-shaped

Laura’s Nobili’s L. leaf extract ~ Hexagonal, 27
homogeneous,

Laura’s Nobili’s leaf extract Roughly spherical 28

Laura’s Nobili’s L. leaf extract

NaOH or monoethanolamine

Pinus brutia leaf extract
(flavonoids, glycosides,
polyphenols, terpenoids)
NaOH (pH controller)

Acetate: bullet-shaped
Nitrate: flower-shaped

Spherical,rod-like

Spherical

Nano flake (flat,

29

30

31

32

irregular);
Laura’s Nobili’s extract Spherical 33
Various: A. indica, L. nobilis, ~ Mostly spherical, 34
S. torvum, C. pictus extracts; nanorods

Aeromonas hydrophila;
Bacillus megaterium
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Fig. 1. Schematic diagram representation of the leaf extracts of the LN and ZnO NPs preparation green method.

Mediterranean region. It is now cultivated globally
as an ornamental plant and for its aromatic leaves,
with significant presence in southern Europe, western
Asia, northern Africa, and the Americas. Nobili leaves
were collected from the Akre-Gulan region, which is
located at 36°43’49.4"N 43°53’10.7"E. Fresh Laurus
nobilis leaves were cleansed multiple times using
both tap water and de-ionized water to remove any
excess dirt. Subsequently, the leaves were reduced
to small pieces by cutting them. The small pieces
were then crushed using a pestle and mortar to
form a paste. After adding 100 ml of distilled water
to the paste, the mixture was heated at 70°C for
45 minutes while being agitated with a magnetic
stirrer at 600 r.p.m. Once the extract had been filtered
through Whatmann No. 1 paper, it was allowed to
cool to ambient temperature. Fig. 1 shows the steps
used to get the clear liquid extract, which included
centrifugation, filtering, and low-temperature
storage in the refrigerator for use in subsequent
studies.

Preparation of ZnO NPs

Green synthesis of ZnO NPs

In the green synthesis, 3 g of zinc acetate dihydrate
powder was combined with 30 mL of Laurus Nobilis
leaf extract. The mixture was heated to 90°C under
constant stirring using a magnetic hotplate. A 1M

sodium hydroxide (NaOH) solution was then added
dropwise to the mixture until a yellow coloration
appeared and the pH stabilized at 9. Heating and
stirring were continued at this temperature until the
mixture condensed into a thick paste. The resulting
paste was transferred to an air oven and dried at 90°C
for one hour. The solid product was then repeatedly
washed with distilled water to remove any residual
basic compounds. Finally, the sample was calcined
at 400°C for two hours and stored in a desiccator to
prevent moisture absorption.

Sol-gel method of ZnO NPs

One hundred milliliters of 0.2M zinc acetate hy-
drate (4.3898 g) is combined with fifty milliliters of
ethanol and fifty milliliters of ethylamine (C;HsNH;)
as a stabilizer, then mixed using a magnetic stirrer
for ten minutes. Subsequently, the solution is stirred
at 70°C for two hours, as depicted in Fig. 2. After
cooling to room temperature, one hundred milliliters
of distilled water is added dropwise using a burette,
resulting in precipitate formation. Whatman No. 1
filter paper is used to filter the precipitate, as illus-
trated in Fig. 2, and then dried for four hours in a
hot air oven at 100°C. Finally, the material undergoes
annealing and calcination at 500°C for one hour. The
zinc oxide nanoparticle (ZnO NPs) sample is prepared
for characterization.
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100 ml (ethanol and Ethylamine)
Add with 0.2M zinc acetate

stirred by magnetic stirrer
at 70 C"for 2 hours
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Fig. 2. Setup and schematic diagram representation of ZnO NPs by the sol-gel method.

Results and discussion
Characterization of LN leaf extract

UV-Visible analysis of LN leaf extract

The UV-visible spectrum of extracts from the leaf
of the LN plant is displayed in Fig. 3. The wavelength
at which a maximum peak was seen was 280 nm.
Because OH groups are common stabilizing agents, it
is conceivable that the phytochemicals found in the
extracts of Laurus Nobilis leaves are responsible for
the observed peak. It is possible to use bio-reducing
to create nanoparticles. *°

The leaves of Laurus Nobilis are a significant
resource for nanoparticle synthesis because of their
bioactive chemicals, which aid in the reduction, sta-
bility, and functionalization of nanoparticles, as well
as possessing intrinsic medicinal characteristics.®
Due to their antioxidant properties and lack of toxic
substances, these phytochemicals continue to be
effective in reducing metal ions and stabilizing them
at the nanoscale. Furthermore, phytochemicals have
the ability to generate nanoparticles of diverse sizes
and forms.?”

FTIR analysis of LN leaf extract

Infrared Fourier Transform Spectroscopy (FTIR)
was used to study the functional groups of reduc-
tive biomolecules and their role in the reduction and

stabilization of ZnO NPs in plant extracts.*®*° The
FTIR spectrum of the leaves of Laurus Nobilis ex-
tracts is presented in Fig. 3 above. It is evident that
the FTIR spectrum displays several peaks within the
range of 400 to 4000 cm~!. The FTIR spectrum can
be categorized into two distinct regions. The first
region, ranging from 0 to 1500 cm™1, is referred to as
the fingerprint region. In this area, it is evident that
the plant extract can be utilized for the production
of ZnO nanoparticles. The functional group region
spans from 1800 to 4000 cm~!. FTIR spectra provide
insights into the characteristics of material bonding
across all states of matter. *%-4!

Commonly associated with carbs or phenolic
chemicals is the absorption peak at 1207.2 cm™!,
which is caused by C-O bonds.*? Carboxylic acids,
esters, aldehydes, and ketones all have a character-
istic absorption band at 1635 cm~!.#?> The aromatic
primary amine and NH stretch are shown by the
peak at 3452 cm~!.*® The O-H stretching vibration
at 3350 cm~! and the C-H out-of-plane bending
band at 599.76 cm~! are both picked up by the
peak. *4

It is confirmed that the leaf extract contains phe-
nolic chemicals since the FTIR spectrum shows a
strong peak at 3425 cm~!, which corresponds to the
stretching of the OH group. Amino acid stretching fre-
quencies are correlated with the infrared stretching
frequency at 2096 cm™!.
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Fig. 3. (a) UV-Visible absorption spectrum and (b) FTIR spectrum of LN leaf extract.
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Characterizations of ZnO NPs
Optical analysis of ZnO NPs

UV-Visible spectrum of ZnO NPs

Utilizing UV-Vis spectrophotometry, the optical
properties of ZnO nanoparticles were investigated.
produced using sol-gel and green techniques. Both
samples exhibited a characteristic absorption peak at
370 nm, as shown in Fig. 4 (a), which corresponds
to ZnO’s intrinsic bandgap absorption brought on by
valence-to-conduction band electron transitions. The
Tauc plot relation, expressed by Eq. (1), was used to
calculate the optical band gap*°

aht = A(hy — E)” €y

In this context, « represents the optical absorption
coefficient, A is a constant referred to as the band
tailing parameter, hv symbolizes the energy in elec-
tron volts (eV), Eg signifies the energy band gap of

the material, and y is the exponent parameter. For a
direct permitted transition, y it is equal to two.

The green-synthesized ZnO NPs have a value of
2.80 eV, and the sol-gel-derived ZnO NPs have a value
of 2.84 eV, as seen in Fig. 4. The small discrepancies
in bandgap energies could be due to variations in
particle size, crystallinity, or surface imperfections
caused by how the particles were made. The ab-
sorption peaks at 370 nm and the bandgap values
that are quite close to each other show that both
approaches make ZnO NPs with similar electrical
structures. The bandgap of green-synthesized ZnO
NPs (2.80 eV) is slightly lower than that of sol-gel
NPs (2.84 eV). This could mean that quantum con-
finement effects are slightly weaker, possibly because
the particles are slightly larger or the surface has
changed due to the organic phytochemicals used in
the green approach.“® Although these two processes
differ slightly, both produce ZnO NPs with optimal
semiconductor characteristics for photocatalytic and
optoelectronic applications.
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FTIR spectrum of ZnO NPs

Fig. 5(a) illustrates the FTIR spectrum of ZnO
nanoparticles synthesized by the sol-gel method. The
absorption band at 2339 cm™!, within the range of
2300 to 2400 cm™!, is attributable to the presence of
CO, in the atmosphere.*” The ZnO peak at 460 cm™!
in the range of 578 cm~1-420 cm™! indicates that the
transition of Zn(OH)2 to ZnO is complete. Previous
research discovered the ZnO peak between 464 and
419 cm~!.*® The peaks at 1521 cm~! and 1327 cm™!
correspond to asymmetric and symmetric C=0 bond
vibrations, respectively. 4>>°

The FTIR spectrum of the green-synthesized ZnO
nanoparticles is shown in Fig. 5. At 3431, the most
fundamental vibrational mode is the O-H stretching
vibration. The prominent peak at 887 cm~! con-
firmed the presence of a C-H bend in the alkane
group. A strong and distinct band at 1460 cm™! indi-
cates the presence of aromatic groups’ C-C stretching,
while a peak at 1780 cm™! could indicate aromatic
rings’ C=C stretching, amines’ N-H vibration, and
carboxylic and amide groups’ C=0 stretching. The
stretching vibrations of ZnO nanoparticles are shown
by the signal at 487 cm™!, which is similar to those
previously described.®

Structural analysis of ZnO NPs
XRD analysis

The use of X-ray diffraction (XRD) provided ev-
idence that the ZnO nanoparticles that were man-
ufactured displayed a crystalline phase that was in
agreement with the conventional hexagonal wurtzite
structure.

The Debye-Scherrer formula, expressed by Eq. (2),
was utilized to calculate the crystallite sizes of both

as-prepared and calcined Ln-ZnO NPs using the X-ray
line-broadening technique. °'

ka
D =
Bcoso

(2

In this context, D represents the crystallite size
measured in nanometers. The constant k, known as
Scherrer’s constant, is valued at 0.94. With a value of
1.54178 A, the X-ray wavelength is represented by A.
The Bragg angle is represented by 6, and the word 8 is
the full width at half maximum (FWHM) of the peak.

The XRD analysis of ZnO NPs using the sol-gel
technique reveals a zincite phase with a hexagonal
wurtzite crystal structure and lattice constants of a =
b = 3.249A and ¢ = 5.206A. The diffraction peaks
were found at 8 = (31.777°), (34.426°), (36.262°),
(47.549°), (56.611°), (62.869°), (66.396°), (67.965°),
(69.106°), (72.577°), and (76.981°), These peaks are
indexed as (100), (002), (101), (102), (110), (103),
(200), (112), (201), (004) and (202) diffraction lat-
tice planes, as illustrated in Fig. 6, to compute the
crystal size using the Debye-Scherrer formula, the
crystal size is equal (25.77 nm).

XRD analysis for ZnO nanoparticles via green
synthesis is presented in Fig. 6. The diffraction peaks
of the nanoparticles are recognized as belonging
to the zincite phase, characterized by a hexagonal
wurtzite crystal structure, with lattice constants of a
— b = 3.2200 A and ¢ = 5.2000 A. The diffraction
peaks were found at 6 = (32.071°), (34.467°),
(36.534°), (47.791°), (57.168°), (63.102°), (67.072°),
(68.492°), (69.777°), (72.675°), and (77.642°),
These peaks are indexed as (100), (002), (101),
(102), (110), (103), (200), (112), (201), (004), and
(202). The diffraction lattice planes, as illustrated in
the figure, indicate that the formation of ZnO has
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occurred.** The synthesized and calcined ZnO had
crystallite diameters of 18.46 nm. >?

The interplanar spacing (dp) for both the green
synthesis and sol-gel methods was calculated using
Eq. (3), based on Bragg’s law:

_ A
" 2 sind

(3

dpq

where d is the interplanar spacing (&), A is the X-ray
wavelength of Cu K« radiation equal to 1.54178 A,
0 is the Bragg diffraction angle, and n is the order
of reflection, which is taken as unity (n = 1). The
interplanar spacing (d) values calculated from Bragg’s
law for both the green synthesis and sol-gel methods
are summarized in Table 2 for the three most intense
peaks. The results agree with the standard values
from JCPDS Reference code: 96-230-0451.

The crystallite size and microstrain of the synthe-
sized samples were estimated using the Williamson-

Table 2. Interplanar spacing (dyy;) for the first three observed
peaks for both methods.

Methods Miller indices Observed 26 dpig
Sole-Gel (100) 31.77 2.8143
(002) 34.42 2.6035
(101) 36.26 2.4755
Green (100) 32.07 2.7887
(002) 34.46 2.6035
(101) 36.53 2.4578
Hall (W-H) method according to Eq. (4):
kx .
Bcosd = ) + 4esind 4)

where B is the full width at half maximum, 6 is the
Bragg angle, k is the shape factor, A is the X-ray wave-
length, D is the crystallite size, and ¢is the macros-
train. For the sol-gel sample Fig. 7, the macrostrain
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Fig. 9. EDX analysis of GS ZnO nanoparticles (a) green method (b) sol-gel method.

was 0.00363 with an intercept of 0.00162, corre-
sponding to a crystallite size of 85.5 nm. In contrast,
the green-synthesized sample Fig. 7 exhibited a lower
macrostrain of 0.00176 and an intercept of 0.00491,
yielding a smaller crystallite size of 28.23 nm. These
results indicate that the synthesis route significantly
influences the structural parameters of the obtained
nanoparticles.

Morphological and compositional analysis of ZnO
NPs

FESEM analysis

Fig. 8 presents FE-SEM images illustrating the sur-
face morphology and topographical analysis of green-
produced ZnO nanoparticles utilizing Laurus nobilis
L. leaf extract. FESEM images elucidate the distribu-
tion, morphology, and dimensions of nanoparticles in
the research, facilitating data evaluation and further
analysis.>® The image of green synthesis indicates
that all generated nanoparticles have a spherical mor-
phology, as depicted in Fig. 8, which closely aligns

with findings from other researchers’ studies. °*°° The
average particle size for green synthesis is 151 nm. >°
However, in the sol-gel technique, the morphology of
the particles is different. The image depicts a nano-
rice or nano-rod shape, as illustrated in Fig. 8, with
an average nanoparticle size of 173 nm.

EDX analysis

The chemical compositions of GS ZnO NPs were
examined using EDX spectroscopy. The EDX or EDS
inspection, as illustrated in Fig. 9, confirms the pres-
ence of zinc (Zn) and oxygen (O) elements, ruling out
the presence of any defect signals with EDS limits
that are connected to the orientation of the feature
structures of the GS ZnO NPs.*®

The EDX results showed that both synthesis pro-
cedures successfully generated nanoparticles that
included zinc oxide (ZnO). The spectrum had signifi-
cant peaks for zinc at around 1 keV and 8.75 keV, as
well as a clear peak for oxygen at 0.5 keV. These are
the main characteristics of ZnO.**
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Conclusion

In this study, ZnO NPs were successfully synthe-
sized using two different methods: a sol-gel method
and a green route employing Laurus nobilis leaf ex-
tract. FTIR and UV-Vis spectroscopy were used to
investigate the optical properties of the synthesized
nanoparticles. The characteristic Zn-O stretching
vibration was observed at 487 cm~! for the green-
synthesis ZnO NPs, while it appeared in the range
of 419-464 cm~! for the sol-gel samples. The esti-
mated band gap energies were 2.81 eV and 2.84 eV
for the green and sol-gel methods, respectively.
XRD analysis revealed average crystallite sizes of
18.46 nm (for the green method) and 25.77 nm (for
the sol-gel method). FESEM analysis showed that
the green-synthesized ZnO NPs exhibited a predomi-
nantly spherical morphology with an average particle
size of 151 nm. In contrast, the sol-gel method pro-
duced nanorice or nanorod-like structures with an
average size of 173 nm.
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