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The sol-gel technique was successfully used to synthesize zinc oxide nanoparticles (ZnO NPs), us-
ing zinc acetate dihydrate as a precursor and sodium hydroxide as a precipitating agent to examine
the influences of thermal treatment on the structural, morphological, and optical behaviour. Calcina-
tion was conducted at different temperatures ranging from 450 °C to 750 °C. The achieved Zinc oxide
nanoparticles were analyzed using various characterizations, including field emission scanning electron
microscopy (FESEM), X-ray diffraction (XRD), UV-visible spectroscopy, and zeta potential analysis.
The outcomes showed that calcination significantly affects crystallinity, particle size, bandgap, and
stability. The ideal temperature emerged to be 550 °C. X-ray diffraction validated the development
of hexagonal wurtzite, demonstrating the highest crystallinity at 91.27%, the lowest crystallite size of
18.668 nm, the narrowest optical bandgap of 3.62 eV, and the best colloidal stability of -55.17 mV.
These findings underscore the significance of heat control in tuning the properties of ZnO nanoparti-
cles, rendering them appropriate for diverse applications in nanotechnology and optoelectronics.
Keywords: ZnO Nanoparticles, Sol-gel, Calcination temperature, Crystallinity, Stability.

1. INTRODUCTION

Nanotechnology is widely applied in the fields of chemistry, bi-
ology, physics, and materials science. In at least one dimension, it
involves the creation, characterisation, and use of materials as well
as the design of devices operating in the nanoscale range of one to
one hundred nanometers (Kotousov et al., 2014). Their distinctive
characteristics, especially their large surface-to-volume ratio, make
them crucial components in technological development (S. M. Ismail
& Ahmed, 2023). According to Moore’s Law, from 1975 to 2011, in-
tegrated circuits have experienced a doubling in transistors and a re-
duction in size nearly every two years (Burg & Ausubel, 2021). This
trend, called Moore’s Law, has led to enhanced design precision, in-
creased operating speed, and a demonstration of nanotechnology ca-
pabilities. As size diminishes, new chemical interactions and biolog-
ical processes, such as targeted drugs bonding and delivery, occur at
the nanoscale (Malik et al., 2023).

A particle of substance whose diameter ranges from one to a hun-
dred nanometers is called a nanoparticle (Khan & Hossain, 2022).
Their distinct physical and chemical properties, which are absent at
the microscopic level, set them apart from bulk materials. The de-
crease in size implies that the desirable property can be easily ob-
tained in nanostructures. Nearly all properties of matter change when
it goes to the nanoscale (Altammar, 2023). Nanoparticles are catego-
rized into six groups based on shape, size, and chemical composition.
Carbon-based nanoparticles are optimal for electronic and energy ap-
plications owing to their electrical conductivity, mechanical strength,
and flexibility (Fadaie et al., 2021). Metal nanoparticles such as gold
and silver exhibit unique electrical and optical characteristics related
to localized Surface Plasmon Resonance (SPR) (Alzoubi et al., 2023).
Ceramic nanoparticles have thermal stability and chemical inertness,

and are widely used in coatings, catalysis, and energy preservation
technologies (Samantaray et al., 2024). Nanoparticles of lipids are
used to deliver drugs, genes, and vaccines (Bolhassani, 2023).

Zinc oxide nanoparticles (ZnO NPs) have garnered significant
interest in nanotechnology and nanoscience owing to their unique
structural, optical, and electrical features (Sridar et al., 2018). ZnO
nanoparticles demonstrate several characteristics such as non-toxicity
(Nagar et al., 2022), being inexpensive and secure (Nandhini et al.,
2024), biocompatibility, UV protection, antibacterial properties, high
thermal conductivity, and can be synthesized easily (Bekele et al.,
2021; Shafiee et al., 2021). These attributes make them highly suit-
able for various products, including solar cells, rubber, cosmetics, and
medical and pharmaceutical items (Shafiee et al., 2021). ZnONPs are
the second most abundant metal oxide nanomaterial after iron, com-
posed of zinc and oxygen. They are a white powder with a wide di-
rect bandgap about 3.37 eV and high exciton binding energy, approx-
imately 60 meV (Mahajan et al., 2025). Zinc oxide exhibits strong ul-
traviolet emission, chemical stability, and a variety of morphologies,
rendering it a valuable material for diverse utilizations such as opto-
electronics, photo catalysis, gas sensing, and bio sensing (Gopinath,
2020; Tripathy & Kim, 2018). It serves as a glass modifier, lower-
ing the melting point, boosting glass formation capability, and im-
proving optical and structural properties due to an appropriate band
gap and significant exciton binding energy at room temperature (Mo-
hamed & Mawlud, 2023). Various physical, chemical, and biologi-
cal approaches are employed extensively in the synthesis of nanopar-
ticles. In contrast, the fabrication of nanoparticles via physical and
chemical processes, which produce various sizes and shapes, requires
stable agents as they are often unstable (Azeez Abdullah Barzinjy &
Azeez, 2020). These methods offer particular, identifiable character-
istics. While physical and chemical processes have been considered
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better, especially for producing homogenous stable nanostructures,
they fail to achieve the objective of ensuring long-term sustainability
(Ahmed et al., 2016). Many techniques, including sol-gel, precipi-
tation, solvothermal, and microwave-assisted approaches, have been
employed to synthesize ZnO nanoparticles (Sugihartono et al., 2019).
Among the approaches, the sol-gel approach is one of the most attrac-
tive that has been considered the most practical method because of the
lower cost of equipment compared to other methods, and it is easy to
gain nanoparticles with good homogeneity (Mahato et al., 2023).

An essential stage in preparing ZnO nanoparticles is thermal
treatment, specifically calcination. This process requires heating the
nanoparticles at a temperature that remains less than the melting point
of ZnO nanoparticles and under high pressure to eliminate impurities,
regulate agglomeration, and control size. The temperature and du-
ration of calcination were crucial in improving the activity of ZnO
nanoparticles as a photo catalyst (Supin et al., 2023). Consequently,
enhancements in crystallinity, grain growth, and the reduction of lat-
tice strain are noted with increased calcination temperatures. Still,
these may also be associated with changes in defect density and sur-
face area, which directly influence the optical properties (V. Sharma
et al., 2023), electrical conductivity (ElFaham et al., 2021), morphol-
ogy (A. M. Ismail et al., 2019), and crystallinity (Usman et al., 2022).

While there has been significant investigation into ZnO nanoma-
terials, a thorough understanding of how various thermal treatments
influence the interactions between crystallinity, defect states, and op-
tical properties, particularly in sol-gel synthesized nanoparticles, has
not yet been fully established. Numerous studies have concentrated
on individual factors, like crystallite size or luminescence, while ex-
cluding their collective impact on stability and functional performance
under varying thermal conditions. This study addresses the prob-
lem by seriously investigating the effect of thermal treatment on ZnO
nanoparticles produced via the sol-gel method. The goals are to ex-

amine the development of crystallinity and defect structures across
different calcination temperatures, evaluate the stability of nanopar-
ticles in terms of their structural stability, and analyze the changes in
optical behavior induced by temperature, particularly focusing on the
optical band gap.

2. MATERIALS AND METHODS

Zinc acetate dihydrate [Zn (CH3COO)2ꞏ2H2O] with a molecular
weight of 219.49 g/mol and 99% purity was employed as a metallic
precursor, while sodium hydroxide (NaOH), with a molecular weight
of approximately 40 g/mol, was utilized without additional purifica-
tion; both were procured from Scharlau is based in Spain. Absolute
ethanol (C₂H₅OH, 96% purity) from Sigma Aldrich, and deionized
water with around 98% purity was elected as solvents.

Synthesis of ZnO NPs:
Zinc oxide nanoparticles were synthesized utilizing the sol-gel

method, as shown in Figure 1. An amount of 5.47 g of zinc acetate
dihydrate was dissolved in 100 mL of ethanol to prepare a 0.25 M
solution, and the mixture was stirred for 15 minutes using a magnetic
stirrer to achieve complete dissolution. A sodium hydroxide solu-
tion was prepared by dissolving 1.2 g of sodium hydroxide (NaOH)
in 20 mL of deionized water and stirring for 10 minutes. The solu-
tion was gradually titrated into the zinc acetate solution, and the pH
was adjusted to 9 while continuously stirring at 60 °C to ensure full
hydrolysis, resulting in a white paste after 2 hours. The solution was
allowed to settle for 24 hours at room temperature, boosting condensa-
tion processes. The suspension was centrifuged at 3500 rpm to obtain
a homogeneous ZnO nanoparticle precipitate.

Figure 1: Systematic illustration of preparing ZnO NPs by the Sol-gel method using Zinc acetate dehydrate.

Subsequently, the solution was transferred to a drying oven at
100℃ for 2 hours to remove the solvent and water, producing ap-
proximately 2 g of white ZnO Nano powder. Then, one sample was
kept un-calcined (room-temperature dried) as a control. Meanwhile,
another seven samples were calcined using a high-temperatureMuffle
Furnace (BIOBASE MC2.5- 12 Lab, 1200℃) for 2 hours at various
temperatures of 450, 500, 550, 600, 650, 700, and 750°C, respec-
tively. After calcination, colour of the produced ZnO NPs regained a
white or pale-yellow color, as shown in Figure 2.

Characterization Techniques:

A structural investigation was conducted utilizing the XRD tech-
nique with a Bruker D8 Discover diffractometer to identify the crys-
tallite size and degree of crystallinity of ZnO nanoparticles. The
source of X-rays was Cu Kα radiation (λ = 0.153 nm). The scan-
ning rate was 0.2 degrees per second, recorded in the 2θ range from
10° to 80°. The optical absorption spectra of the ZnO nanoparticles
and their optical energy gap were measured at room temperature us-
ing a double-beam UV-Vis spectrophotometer (Shimadzu 1301PC)
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within the wavelength range of 300 to 800 nm to confirm the syn-
thesis of ZnO nanoparticles. Morphology and particle dispersion can
be assessed using a Field Emission Scanning Electron Microscope
(FESEM) at an accelerating voltage of roughly 15 kV (MIRA3 TEC-
SAN). The stability of the material was assessed by its zeta potential
spectrum utilizing the HORIBA Scientific SZ-100 model.

Figure 2: Synthesized ZnO Nps by the Sol-gel method before calci-
nation and at various temperatures from 450 °C to 750 °C.

3. RESULTS AND DISCUSSION

UV-Visible Analysis:
UV-Visible Spectroscopy is the most widely used technique for

studying the optical characteristics of ZnO NPs. Following synthesis,
the calcination procedure affects the optical properties of ZnO NPs
and aids in agglomeration control (Alibe et al., 2017). Figure 3 de-
scribes the UV-Visible absorbance spectrum of ZnO NPs before cal-
cination and at various calcination temperatures ranging from 450 to
750 °C. Significant variations in photonic behaviour are revealed, pri-
marily observed in the position and intensity of the absorbance edges.
It is observed that, at room temperature, ZnO NPs exhibit an absorp-
tion peak around 372.38 nm, which shifts towards higher wavelengths
(red shift) upon rising temperature, reaching approximately 381.38
nm at around 550 oC, which indicates a reduction in optical energy
gap. This is attributed to enhanced crystallinity, particle size growth,
and reduction of surface defects (Kaur et al., 2025). As thermal treat-
ment progresses, the ZnO Nanocrystals grow in size due to grain co-
alescence and reduce the quantum confinement effect. This effect

leads to a narrowing band gap, as previously reported by Şimşek et al.,
(2022) and Azeez ABarzinjy et al., (2020). They observed that higher
calcination temperatures improve structural order and crystallinity in
ZnO Nps, directly affecting optical absorption behaviour. However,
the shift towards smaller wavelengths exhibits a blue shift after 550
℃, which indicates an increase in the optical band gap. which is at-
tributed to the reduction of defect states such as oxygen vacancies and
interstitial zinc, which are responsible for sub-bandgap transitions and
lead to a wider bandgap (Kayaci et al., 2014). It can cause agglomera-
tion or saturation in grain growth, and altering the crystalline structure
as previously reported by R. Sharma et al. (2023).

Figure 3: UV-Visible spectra of ZnONPs before and after calcination
at various temperatures.

The band gap energy (Eg) of ZnO nanoparticles was evaluated by
fitting the optical reflection data using the Tauc equation. This anal-
ysis was carried out to investigate the impact of thermal treatment on
the optical properties of the nanoparticles.

αhν = A(hν − Eg)
n (1)

Whereα is the optical absorbance coefficient, hν indicates photon
energy,A is the proportionality Constant, and n represents the type of
optical transitions, 1/2 for direct and 2 for indirect transitions (Para-
juli et al., 2023). The amount of band gap is calculated through the
extrapolation of the rectilinear part of the plot, as observed in Figure
4. The band gap decreases from 3.91 eV to 3.62 eV when the tem-
perature increases from 450 to 550 ℃. This consequence does not
conflict with the effects of quantum confinement. Furthermore, after
550 ℃, as observed at the range between 600 and 750 ℃, the energy
gap changes from 3.75 eV to 3.98 eV with increasing temperature,
which distorts the band structure, shifting the band gap undesirably
as previously reported by Pal Singh et al. (2016).

Figure 4: UV-Visible spectra of ZnO NPs before and after calcination at various temperatures.
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As observed, 550 °C appears to be an optimal temperature at
which the absorption edge becomes sharper compared to lower tem-
peratures (450 –500 °C), suggesting a reduction in structural defects
and residual impurities. Moreover, the optical band gap at 550 °C is
measured to be 3.62 eV, which is closer to the expected bulk ZnO
value of about 3.3 eV than the values achieved at lower or higher
calcination temperatures. This indicates that 550 °C provides a bal-
ance between enhanced crystallinity and minimal agglomeration, and
therefore enhances the optical properties of ZnO nanoparticles.

XRD Analysis:

The structural properties of the synthesized ZnO Nps before and
after increasing temperature from 450 to 750 °C were investigated
using XRD. Figure 5 describes how the patterns are different in in-
tensity and the crystallinity of the ZnO NPs according to calcination
temperatures. This confirms that ZnONPs is crystalized, as a hexago-
nal wurtzite structure according to detected (hkl) planes including the
(100), (002), (101), (102), (110), (103), and (200), which appear from

the XRD patterns, were indexed from the standard database (JCPDS
card no. 03-065-3411). This result was also reported by Zubair et al.
(2023) and Kumar et al. (2024).

According to the findings, X-ray diffraction intensity rose with
calcination temperature until it reaches 550 oC. However, in the range
of 650-750 oC, it decreased, most likely as a result of crystallinity
changes. The average crystallite size of ZnO NPs has been estimated
by Debye-Scherrer’s equation:

D =
Kλ

β cos(θ)
(2)

Where labmda indicates thewavelength of theX-ray source is ap-
proximately (1.54Å), K is scherrer constant which is 0.9, referred to as
a shape factor, β is the full width at half maximum (FWHM) of each
peak, θ is the peak position, and D is the crystallite size (Holzwarth
& Gibson, 2011).

According to the Debye-Scherrer equation, the average crystallite
size for ZnO NPs was 18.668 nm, which confirmed the nano-sized
ZnO nanoparticles at 550 ℃ (Table 1).

Figure 5: XRD Patterns of ZnO NPs before and after calcination at various temperatures.

Furthermore, investigations show that the average crystal sizes are
between (18.668 - 23.65 nm) for the temperature increase between
(450-750 °C), and it was observed that the smallest crystallite size of
ZnO NPs was obtained at 550 °C. XRD analysis shows the existence
of even tinier nanoparticles than the FESEM micrograph. The larger
ZnO nanoparticles are due to agglomeration of smaller nanoparticles
indicated by X-ray diffraction.

FESEM Analysis:
The impact of calcination at different temperatures on the shape

and average size distribution of ZnO nanoparticles was analysed us-
ing Field Emission Scanning ElectronMicroscopy (FESEM), as illus-
trated in Figure 6. It is evident that the majority of ZnO nanoparticles,
regardless of temperature, are predominately nanoscale and exhibit a
hexagonal morphology that seems spherical. FESEM indicates that as
the temperature rises from 450 to 500 ℃, the particles appear loosely
packed with irregular shapes and relatively small average sizes. How-
ever, during the temperature range of 600 to 750 ℃, the average size
distribution is around (76.24 nm to 84.7 nm), indicating significant ag-

glomeration, incomplete crystallization, and limited particle growth.
As shown in Figure 6(h), the nanoparticles immediately before calci-
nation show large, undefined agglomeration and are affected by var-
ious environmental factors such as humidity, oxygen exposure, pH,
and ionic strength, which can increase average particle size and sig-
nificantly impact the stability of nanoparticles and their aggregations
(Bian et al., 2011).

Consequently, during the nanoparticle formation, the nanoparti-
cles adhere to one another and spontaneously form asymmetrical clus-
ters (Loza et al., 2019). The smallest particle size is in the range 550
℃. The average particle size reduces to (48.32 ±17.3 nm). As shown
in Figure 6(c), particles become more uniform and spherical, which
suggests optimal crystallinity and minimal agglomeration. The crys-
tallinity rate of fabricated ZnONanoparticles is calculated through the
following formula (Sa et al., 2017):

Crystallinity(%) =
Area of crystalline peaks

Total area (Crystalline+Amorphous)
× 100%

(3)
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Table 1: Particle sizes of ZnO nanoparticles before and after calcined at various temperatures, calculated using Debye–Scherrer’s equation.
Calcination
Temperature

(◦C)
No. of
Peaks

Plane
(hkl)

Pos.
[◦2Th.]

FWHM
[◦2Th.] Size (nm) Average

Size (nm)

Before
calcination

1 (100) 32.0659 0.4428 18.6671
22.492 (002) 34.6714 0.3936 21.1441

3 (101) 36.4792 0.3444 24.2873

450
1 (100) 32.0844 0.492 16.8012

19.462 (002) 34.8628 0.3936 21.1552
3 (101) 36.6286 0.492 17.0085

500
1 (100) 32.0178 0.3444 23.9977

22.682 (002) 34.6308 0.3444 24.162
3 (101) 36.4317 0.3936 21.2485

550
1 (100) 32.0277 0.3444 23.9983

18.6682 (002) 34.7703 0.492 16.9199
3 (101) 36.5771 0.492 17.0059

600
1 (100) 31.9557 0.3444 23.994

23.6532 (002) 34.5643 0.3444 24.1577
3 (101) 36.371 0.3936 21.2448

650
1 (100) 32.034 0.4428 23.994

23.6582 (002) 34.8039 0.3936 24.1577
3 (101) 36.6027 0.3444 21.2448

700
1 (100) 32.0208 0.3444 23.9979

22.032 (002) 34.6242 0.3936 21.1414
3 (101) 36.5678 0.3936 21.2568

750
1 (100) 32.0136 0.3936 20.9978

20.9312 (002) 34.6288 0.4428 18.7926
3 (101) 36.4235 0.4428 18.8871

And the crystallinity proportion ranges from 83.84 % to 91.27 %
as the temperature rises from 450 ℃ to 550 ℃. After 550 ℃, es-
pecially from 600 ℃ to 750 ℃, the values decreased from 78.196
% to 75 %. The optical band gap and crystallinity are not simply
inversely proportional. Instead, it is a complicated one that is af-
fected by several variables, including impurities, which may cause the
bandgap to decrease even in highly crystalline materials (Roy et al.,
2024). These observations confirm that thermal treatment plays a cru-
cial role in tuning particle size and morphology, with 550 ℃ emerg-
ing as a suitable temperature for synthesizing well-defined nanosized
ZnONPs. This result attributed that 550℃ is a critical temperature to
reduce agglomeration and achieve a higher degree of crystallinity of
sol-gel synthesized ZnO NPs (Table 2). There is a noticeable discrep-
ancy between the XRD-determined crystallite size (18–24 nm) and
the FESEM-measured particle size (48–85 nm). XRD estimates the
size of individual crystalline domains, while FESEM visualizes entire
particles, which may consist of multiple crystallites that have clus-
tered together. During calcination, nanoparticles naturally undergo

agglomeration due to high surface energy and attractive inter-particle
forces, causing several crystallites to merge into larger secondary par-
ticles. Thus, the larger FESEM particle size reflects agglomerated
assemblies of primary crystallites detected by XRD.

FESEM Analysis:
The thermal treatment at different calcination temperatures can

profoundly influence the surface charge and colloidal stability of ZnO
nanoparticles, as analysed using zeta potential measurements. Zeta
potential for highly stable particles values is generally greater than
±30 mV, which can stabilize a process that uses electrostatic repul-
sion. Nevertheless, positively charged particles are more effective
in augmenting the electrical contact with the negatively charged vi-
sual surface (Onugwu et al., 2023). Figure 7 illustrates that the zeta
potential is comparatively low at -2.73 mV just before calcination.
This signifies insufficient stability due to inadequate surface charge
for avoiding agglomeration at a temperature of 550 °C, the zeta

Table 2: Particle sizes of ZnO nanoparticles before and after calcined at various temperatures, calculated using Debye–Scherrer’s equation.

Temperature
(◦C)

Crystallite size
(nm)
(XRD)

Crystallinity (%) Average Particle size
(nm) FESEM

Before Calcination
(at room

temperature)
22.49 83.846 61.31 ± 23.11

450 19.468 86.156 60.434 ± 10.68
500 22.685 86.16 52.26 ± 17.98
550 18.665 91.27 48.32 ± 17.3
600 23.658 78.196 84.31 ± 27.16
650 23.72 80.206 76.24 ± 37.99
700 22.031 82.517 71.66 ± 22.82
750 20.938 75.0057 84.70 ± 23.51
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Figure 6: FESEM micrographs of ZnO NPs synthesized via the sol-gel method and calcined at different temperatures. Improved particle
uniformity and reduced agglomeration are observed at 550 °C, while growth and clustering increase above this temperature.

potential reaches a notably negative value of -55.17 mV, indicating
an increase in surface charge and electrostatic repulsion, enhancing
dispersion stability.

The enhancement has been attributed to eliminating surface-
adsorbed organic molecules and increasing crystallinity to 91.27 %,
which reveals a greater amount of hydroxyl groups or lattice oxygen
on the nanoparticle surface (Owuna, 2020). Increasing the calcination
temperature to 750 °C provides a zeta potential of -27.26 mV, indi-
cating less stability caused by grain growth at greater temperatures,
which decreases surface area and active sites (Chang et al., 2024).
Therefore, calcinations show that 550 °C is optimum for maintain-
ing high stability in sol-gel-synthesized ZnO nanoparticles, which can
significantly enhance nanoparticle dispersion.

4. CONCLUSION

In this work, ZnO NPs were synthesized effectively through the
sol-gel method utilizing Zinc acetate dihydrate. And the impact of
thermal treatment on their structural, morphological, crystallinity, and
optical properties was successfully evaluated. Different characteri-
zation techniques using XRD, FESEM, zeta potential analysis, and
UV–Visible spectroscopy revealed that thermal treatment plays a cru-
cial role in governing crystallinity, particle size distribution, optical
band gap, and colloidal stability. The study identifies 550 ◦C as an
optimal calcination temperature at (pH ≈ 9), where ZnO nanoparticles
exhibit improved morphological uniformity with the lowest agglom-

eration, highest degree of crystallinity, a narrowed optical band gap,
presenting significant enhanced colloidal stability indicated by a neg-
ative zeta potential. In conclusion, these findings demonstrate that
precise thermal control enables a good balance among structural, op-
tical, and stability-related properties rather than improving a single
parameter in isolation, which renders the nanoparticles suitable for
increasing their applicability for optoelectronic applications.

Figure 7: Zeta potential of synthesized ZnO NPs before calcination
and calcined at different temperatures from 450 ℃ to 750 ℃.
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