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The increasing resistance of pathogenic bacteria to conventional antibacterial
agents poses a significant challenge to global health, driving the need for
alternative antibacterial materials with minimal resistance potential. Zinc oxide
(ZnO) has gained attention for its antibacterial properties, attributed to its ability
to generate reactive oxygen species (ROS), release Zn2* ions, and disrupt bacterial
cell membranes. In this study, ZnO was synthesized via thermal decomposition of
zinc acetate dihydrate, with different calcination temperatures and heating rates.
The structural and morphological characteristics of ZnO were analyzed using
X- ray diffraction (XRD) and scanning electron microscopy (SEM), revealing that
higher calcination temperatures increased crystallinity while heating rates
influenced particle morphology. Antibacterial tests against Staphylococcus aureus
and Escherichia coli showed that ZnO exhibited stronger antibacterial activity
against S. aureus. The results also indicated that higher calcination temperatures
reduced antibacterial efficacy, whereas higher heating rates enhanced bacterial
inhibition. Notably, ZnO synthesized at 500°C with a heating rate of 5°C/min
demonstrated the highest antibacterial performance, which correlated with its
lower crystallinity and rod-like morphology. These findings emphasize the
importance of controlling synthesis parameters to optimize ZnO properties for
biomedical applications.

1. Introduction

Zinc oxide (ZnO) has garnered significant attention
in various fields due to its unique physicochemical

The resistance of pathogenic bacteria to
antibacterials has led to an increase in dangerous
infection outbreaks. The emergence of multidrug-
resistant (MDR) strains of Gram-positive and Gram-
negative bacteria complicates the control and spread of
infectious diseases. As a result, researchers have
conducted extensive studies on antibacterial agents
derived from organic and inorganic materials. Inorganic
materials, such as semiconductor metal oxides, are often
chosen for their stability under challenging processing
conditions and their broad antibacterial activity. The
development of semiconductor materials to combat
pathogenic bacteria is becoming increasingly important,
and the photocatalytic process offers an environmentally
friendly alternative for pathogen elimination compared
to other methods [1, 2].

properties, including a wide bandgap (3.37 eV), high
exciton binding energy (60 meV), and remarkable
chemical stability. These characteristics make ZnO a
promising material for applications in optoelectronics,
photocatalysis, and biomedical science [2, 3, 4, 5]. In
particular, its antibacterial activity has been widely
studied, attributed to its ability to generate reactive
oxygen species (ROS), release Zn2* ions, and disrupt
bacterial membranes, leading to cell damage and death [1,
3,6,7].

Numerous synthesis methods have been developed
to produce ZnO, including sol-gel, hydrothermal, co-
precipitation, and thermal decomposition techniques.
Among these, thermal decomposition stands out as a
simple, cost-effective, and scalable method that utilizes
metal precursors such as zinc acetate dihydrate to
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produce ZnO through thermal degradation. This approach
offers excellent control over the purity and morphology of
ZnO. However, the structural, morphological, and
antibacterial properties of ZnO are heavily influenced by
synthesis parameters, particularly calcination
temperature and heating rate, which govern crystallinity,
particle size, and surface area [4, 8, 9].

Previous studies have shown that calcination
temperature plays a critical role in determining the phase
purity and particle size of ZnO, while the heating rate
affects the rate of precursor decomposition and the
microstructure of the final product [8]. These factors, in
turn, influence ZnO’s ability to interact with bacterial
cells, as properties like surface area and crystallite size
are directly related to its antibacterial activity [1, 3].
Despite the development of ZnO synthesis, a
comprehensive understanding of how calcination
temperature and heating rate interact to affect its
antibacterial performance remains underexplored.

In this study, this study utilized zinc acetate
dihydrate as the single precursor to synthesize ZnO via
the thermal decomposition method. The effects of
varying calcination temperatures and heating rates on the
structural, morphological, and antibacterial properties of
ZnO were systematically investigated. X-ray diffraction
(XRD) was employed to analyze the crystallinity and
phase composition, while scanning electron microscopy
(SEM) was used to study the particle morphology. The
antibacterial activity of the synthesized ZnO was
evaluated using disk diffusion against Staphylococcus
aureus (S. aureus) and Escherichia coli (E. coli).

This work aims to provide valuable insights into
optimizing calcination conditions for tailoring ZnO
properties for enhanced antibacterial efficacy. By
bridging the gap between synthesis parameters and
functional performance, this study contributes to
advancing the design of ZnO-based antibacterial agents
for biomedical and environmental applications.

2. Experimental

2.1. Materials

Zinc acetate dihydrate, Zn(OAc)2H.0 (Merck, 99%),
was used as the raw material for ZnO synthesis. To test the
antibacterial properties, paper disks were employed in
the disk diffusion method, with amoxicillin and sterile
distilled water used as positive and negative controls,
respectively. Bacterial media were prepared using
Mueller-Hinton agar, nutrient agar, and bacteriological
agar. Sterile distilled water, 70% alcohol, cotton swabs,
and parafilm were used to maintain sterility during the
tests.

2.2. Instruments

The ZnO samples were characterized using XRD
(PANalytical X’Pert PRO series (PW3040/40)) to identify
the crystallinity and phase formation of the ZnO, while
the morphology of each sample was observed using SEM
(JEOL JSM-6360LA). The antibacterial test was prepared
in a laminar flow hood that create a sterile work
environment.

2.3. Synthesis of Zinc Oxide (Zn0O)

ZnO synthesis was synthesized using a simple
thermal decomposition method by varying the
calcination temperature and heating rate [8] of zinc
acetate dihydrate. This study employs a modified version
of temperature range and calcination time. The
calcination temperatures used were 500, 600, 700, and
800°C, with heating rates of 1, 3, and 5°C/min at each
variation of calcination temperature. ZnO synthesis from
8 g of zinc acetate dihydrate was calcinated in a furnace
for 3 hours.

2./4,. Materials Characterization

Powder X-ray diffraction (XRD) with Cu Ka radiation
in the range of 20-80 was performed to identify
crystallinity and phase formation of the ZnO using
PANalytical X’Pert PRO series (PW3040/40). XRD
characterization of ZnO was conducted for samples
calcined at 500°C with different heating rates, as well as
for samples heated at 5°C/min with varying calcination
temperatures, to determine the optimum conditions for
antibacterial properties.

The morphology of each sample was observed using
SEM. For SEM analysis, the ZnO samples were first coated
with a thin layer of gold to improve conductivity and then
placed in the SEM chamber for imaging under a voltage of
20 kV and observed at 15,000x magnifications.

For the antibacterial test, all ZnO samples were
tested in the form of suspensions prepared by mixing 0.5
g of ZnO into 2 mL of sterile distilled water, which was
then homogenized using an ultrasonic bath for 30
minutes. The test suspension was further homogenized
using a vortex mixer just before being used for
antibacterial testing. Antibacterial activity was evaluated
aseptically using the paper disc method against S. aureus
ATCC 6538 and E. coli ATCC 11229. To confirm the
antibacterial effect, amoxicillin and sterile distilled water
were used as positive and negative controls, respectively.

3. Results and Discussion
3.1. Synthesis of Zinc Oxide (ZnO)

The product of calcined ZnO is a solid powder with a
gray-white color gradation variation. The high
calcination temperature produces a whiter ZnO powder
color, while the high heating rate produces ZnO powder
with a gray color. The formation of ZnO occurs with a
reduction in weight as the temperature increases. In this
study, the yield of ZnO is approximately 2.5 g compared to
its initial weight of 8 g. These results are consistent with
those obtained by Lin and Li [10], who found a reduction
in sample weight occurred in the dehydration process by
16.5% and 64% in the formation of ZnO.

High calcination temperatures and low heating rates
result in a longer calcination process or sample burning
times. Prolonged calcination increases the number of
oxygen atoms on the ZnO surface due to interactions with
the atmosphere. The ZnO sample formed a white powder
at a calcination temperature of 800°C and a heating rate
of 1°C/min. While at a temperature of 500°C and a heating
rate of 5°C/min, the ZnO appeared grayish. Previous
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studies also observed a color difference in this ZnO
product, which Farbod and Jafarpoor [11] attributed to the
absence of oxygen and the strong asymmetric stretching
of the wurtzite ZnO structure.

3.2. Crystallinity and Phase Formation

The analysis results validate the diffraction peaks
aligning with the typical ZnO crystal hexagonal wurtzite
phase in the P63mc space group. All of the diffraction
peaks were matched to the standard data of ZnO, which
has a hexagonal wurtzite structure (JCPDS 36-1451).
Diffraction peaks were observed at 26 values around
31.7070°, 34.0890°, 36.1190°, 47.2410°, 56.4790°,
62.3460°, 66.2350°, 67.6410°, and 68.8980°,
respectively, corresponding to (100), (002), (101), (102),
(110), (103), (200), (112), and (201) hexagonal crystal
planes of ZnO. The XRD analysis revealed no additional
peaks, indicating that pure-phase ZnO was successfully
synthesized through the thermal decomposition process.

Figure 1(a) shows the XRD pattern of ZnO samples
with calcination temperature variations of 500, 600, 700,
and 800°C at a heating rate of 5°C/min. The high
calcination temperature increases the intensity of the
diffraction peaks. The increased intensity of the
diffraction peaks suggests a strengthened ZnO phase [11].
These findings indicate that as the calcination
temperature rises, the crystals become more structured
and well-ordered, leading to improved crystallinity. In
contrast, at lower calcination temperatures, ZnO crystal
formation is incomplete, leaving some material in an
amorphous state.

Variations in the heating rate during synthesis have
an opposite effect to variations in the calcination
temperature. Figure 1(b) shows that higher heating rates
result in lower diffraction peak intensities. This effect
occurs because a high heating rate influences the
movement of constituent atoms in the crystal, causing
stronger thermal vibrations. In contrast, a low heating
rate provides a more stable environment for crystal
formation, promoting a well-ordered structure. When the
heating rate is high, the increased thermal energy induces
significant atomic movement, leading to structural
stretching within the crystal.
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Figure 1. Diffractogram of ZnO samples: (a) at a heating
rate of 5°C/min with varying calcination temperatures
and (b) at a calcination temperature of 500°C with
varying heating rates

According to the data, low calcination temperature
and high heating rate have a low crystallinity effect on
ZnO structure. This low crystallinity indicates that crystal
formation is still not optimal, or some crystals remain in
an amorphous state. The presence of an amorphous phase
allows oxygen vacancies in the ZnO crystal structure. In
this study, synthesis control through calcination
temperature and heating rate plays a crucial role in
determining the peak intensity in the diffractogram.
Previous research also highlights that thermal treatment
parameters affect ZnO’s crystallinity and defect
structure, impacting its functional properties [8, 12].

3.2.1. Morphology

SEM analysis was conducted to examine the
morphology of ZnO crystals. In this study, the
synthesized ZnO was observed using SEM at a
magnification of 15,000x. The analysis revealed that the
ZnO crystals exhibited wire- and rod-like structures. The
morphological characteristics of the ZnO were influenced
by synthesis parameters, particularly calcination
temperature and heating rate, which played a crucial role
in determining the final crystal structure.

The transformation of the ZnO structure from wire to
rod occurs as the calcination temperature increases. The
high calcination temperature causes the compression of
the wire structure into the rod, which can be seen in
Figure 2(a). When the calcination temperature increases,
the wire becomes shorter and thicker. Furthermore, the
effect of heating rate variation on the morphology at a
calcination temperature of 500°C is given in Figure 2(b).
The results indicate that the ZnO wire structure becomes
shorter as the heating rate increases. The reason for
collecting data on calcination temperature at 500°C and
heating rate at 5°C/min is the optimum condition for
antibacterial properties, which will be discussed later.
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Figure 2. SEM images of ZnO samples: (a) at a heating
rate of 5°C/min with varying calcination temperatures
and (b) at a calcination temperature of 500°C with
varying heating rates
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The SEM analysis revealed that ZnO crystals
exhibited non-uniform shapes and sizes due to
agglomeration during crystallization. The crystal
formation process involves nucleation followed by crystal
growth, where crystal-forming molecules systematically
attach to the crystal core, increasing crystal size. A longer
formation time generally results in larger particle sizes.
Consequently, a high calcination temperature promotes
the formation of shorter and thicker wire-like structures,
eventually developing into rod-shaped crystals. This
finding aligns with previous studies that reported ZnO
morphology characterized by elongated structures with
reduced diameters, resembling wires [8].

The Image] application processed SEM image data to
determine the crystal particle size. The analysis showed
that the particle size increased with increasing
calcination temperature and decreased with increasing
heating rate. The particle sizes of each sample calcined at
temperatures of 500, 600, 700, and 800°C with a heating
rate of 5°C/min are 0.1121 pm, 0.1930 pm, 0.2285 pm, and
0.3500 pm, respectively. At the same time, the particle
sizes synthesized at heating rates of 1, 3, and 5°C/min ata
calcination temperature of 500°C are 0.1235 pm, 0.1110
pm, and 0.1101 pm, respectively. These results showed
that high calcination temperatures led to an increase in
particle size, whereas high heating rates decreased
particle size.

3.2.2. Antibacterial Activity Test

The antibacterial activity test was analyzed
qualitatively and quantitatively. Qualitative analysis was
carried out by observing the clear zone formed around the
disc paper in both S. aureus and E. coli bacteria, while
quantitative analysis was carried out by measuring using
a caliper and obtaining data on the diameter of the
inhibition power expressed in millimeters (mm). Figure 3
presents the results of the antibacterial activity test on
Zn0.

Staphylococcus aureus
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Figure 3. Antibacterial activity test results of ZnO against
a) S. aureus and b) E. coli

The test results revealed that ZnO was more sensitive
to S. aureus than E. coli, as evidenced by the clarity of the
clear zone and the diameter of the formed inhibition
force. ZnO’s antibacterial activity is more sensitive to S.
aureus, a Gram-positive bacteria than to E. coli, a Gram-
negative bacteria. Several studies also show that the
sensitivity of ZnO against gram-positive is higher than
gram-negative, showing that S. aureus bacteria are more
susceptible than E. coli. This is associated with differences
in cell wall structure, cell physiology, and metabolism [3,
6,9].

Gram-positive bacteria, such as S. aureus, possess a
single plasma membrane encircled by a peptidoglycan-
based cell wall, which constitutes about 90% of the wall's
composition, with the remainder consisting of molecules
like teichoic acid. In contrast, Gram-negative bacteria
possess a double membrane system, where a permeable
outer membrane encloses the plasma membrane, and a
thinner peptidoglycan layer lies in between. This
structural complexity in Gram-negative bacteria helps
prevent lipid peroxidation caused by ROS generated by
ZnO0.

The antibacterial properties of ZnO are primarily
attributed to its ability to generate ROS, including
superoxide anions, hydroxyl radicals, and peroxides.
These ROS contribute to bacterial cell damage through
multiple mechanisms. ZnO nanoparticles accumulate on
the bacterial outer membrane or within the cytoplasm,
leading to the release of Zn2* ions. This process disrupts
the cell membrane, damages proteins, and induces
genomic instability, ultimately resulting in bacterial cell
death [1, 2, 3, 6]. However, further research is still needed
to fully elucidate the antibacterial mechanism of ZnO.

In this study, synthesis control through calcination
temperature and heating rate played a crucial role in
determining the antibacterial performance of ZnO. The
synthesis parameters were adjusted to enhance ZnO’s
antibacterial activity. The results of the antibacterial
activity test indicated that higher calcination
temperatures led to weaker bacterial growth inhibition.
As shown in Figure 4(a), the inhibition effect decreased
with increasing calcination temperature, as reflected by
the sequential reduction in inhibition zone diameter:
800<700<600<500°C.

Synthesis control enhances ZnQ’s antibacterial
performance by regulating the heating rate. The ZnO
antibacterial activity test results revealed that regulating
the heating rate during the thermal decomposition
process influenced the inhibition of bacterial growth. A
higher heating rate led to stronger antibacterial activity,
as evidenced by the increasing diameter of the inhibition
zone in Figure 4(b). Among the tested samples, ZnO
synthesized at a heating rate of 5°C/min exhibited the
highest antibacterial effectiveness compared to those
synthesized at 1 and 3°C/min.
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Figure 4. S. aureus growth inhibition as a function of the inhibition zone diameter under varying (a) calcination
temperatures and (b) heating rates

In this study, the low crystallinity of ZnO suggests
the presence of an amorphous phase, which plays a
crucial role in enhancing its antibacterial properties.
Amorphous ZnO exhibits superior antibacterial activity
compared to its crystalline counterpart due to a higher
concentration of surface defects and oxygen vacancies
[9]. These structural defects promote the generation of
ROS, such as hydroxyl radicals (+OH) and superoxide
anions (0>-), which contribute to bacterial cell damage.
Additionally, the increased surface area of amorphous
ZnO enhances its interaction with bacterial cells, leading
to more effective membrane disruption. Therefore,
optimizing synthesis parameters to maintain a partially
amorphous structure could be a promising strategy for
improving ZnO-based antibacterial materials.

4. Conclusion

Synthesis control, in the form of calcination
temperature and heating rate, plays a role in the
performance of ZnO as an antibacterial. The calcination
temperature and heating rate affect crystallinity,
morphology, and size. Calcination temperature is
inversely proportional to the inhibition of bacterial
growth, while the heating rate is directly proportional to
the inhibition of bacterial growth. ZnO samples
synthesized at a heating rate of 5°C/min and a calcination
temperature of 500°C produce maximum antibacterial
activity. This optimal performance is characterized by low
crystallinity, a short wire-like ZnO structure, and the
smallest particle size among the tested samples.

Acknowledgments

I would like to express my sincere gratitude to
everyone who contributed to this research and supported
its successful completion. I also extend my appreciation
to all those who assisted in the writing of this article.

References
(1]

Raju Kumar, Srinivasan Anandan, Kaliyan
Hembram, Tata Narasinga Rao, Efficient ZnO-Based
Visible-Light-Driven Photocatalyst for
Antibacterial Applications, ACS Applied Materials &
Interfaces, 6,15, (2014), 13138-13148
https://doi.org/10.1021/am502915v

(2]

(3]

(4]

(5]

(6]

(7]

(8]

(9]

Jinhuan Jiang, Jiang Pi, Jiye Cai, The Advancing of
Zinc Oxide Nanoparticles for Biomedical
Applications, Bioinorganic Chemistry and
Applications, 2018, 1, (2018), 1062562
https://doi.org/10.1155/2018/1062562

Egwonor Loveth Irede, Raymond Femi Awoyemi,
Babatunde Owolabi, Omowunmi Rebecca Aworinde,
Rofiat Odunayo Kajola, Ajibola Hazeez, Ayuba
Adawale Raji, Latifat Oluwatobi Ganiyu, Chimezie O.
Onukwuli, Asishana Paul Onivefu, Ikhazuagbe Hilary
Ifijen, Cutting-edge developments in zinc oxide
nanoparticles: synthesis and applications for
enhanced antimicrobial and UV protection in
healthcare solutions, RSC Advances, 14, 29, (2024),
20992-21034 https://doi.org/10.1039/d4ra02452d

S. Sanusi, S. Setiadji, N. D. Hakim, S. H. R. A. Aziz, A.
Sawitri, H. Aliah, E. P. Hadisantoso, A. L. Ivansyah, D.
G. Syarif, The study of structural properties and
photocatalytic activity of ZnO prepared by ultrasonic
assisted precipitation method, Journal of Physics:
Conference Series, 1869, 1, (2021), 012013
https://doi.org/10.1088/1742-6596/1869/1/012013

Agnieszka Kotodziejczak-Radzimska, Teofil
Jesionowski, Zinc Oxide—From Synthesis to
Application: A Review, Materials, 7, 4, (2014), 2833-
2881 https://doi.org/10.3390/ma7042833

Zarrindokht Emami-Karvani, Pegah Chehrazi,
Antibacterial activity of ZnO nanoparticle on gram-
positive and gram-negative bacteria, African Journal
of Microbiology Research, 5,12, (2011),1368-1373

Nesrin Horzum, Mohamed Elhousseini Hilal, Tugba
Isik, Enhanced bactericidal and photocatalytic
activities of ZnO nanostructures by changing the
cooling route, New Journal of Chemistry, 42, 14,
(2018), 11831-11838
https://doi.org/10.1039/C8NJ01849A

Lingling He, Zhifang Tong, Zhonghua Wang, Ming
Chen, Ni Huang, Wei Zhang, Effects of calcination
temperature and heating rate on the photocatalytic
properties of ZnO prepared by pyrolysis, Journal of
Colloid and Interface Science, 509, (2018), 448-456
https://doi.org/10.1016/j.jcis.2017.09.021

Abdo Hezam, K. Namratha, Q. A. Drmosh, T. R.
Lakshmeesha, S. Srikantaswamy, K. Byrappa, The
correlation among morphology, oxygen vacancies
and properties of ZnO nanoflowers, Journal of
Materials Science: Materials in Electronics, 29, 16,


https://doi.org/10.1021/am502915v
https://doi.org/10.1155/2018/1062562
https://doi.org/10.1039/d4ra02452d
https://doi.org/10.1088/1742-6596/1869/1/012013
https://doi.org/10.3390/ma7042833
https://doi.org/10.1039/C8NJ01849A
https://doi.org/10.1016/j.jcis.2017.09.021

(10]

(11]

(12]

Jurnal Kimia Sains dan Aplikasi 28 (2) (2025): 82-87

(2018), 13551-13560
https://doi.org/10.1007/s10854-018-9483-4

Chih-Cheng Lin, Yuan-Yao Li, Synthesis of ZnO
nanowires by thermal decomposition of zinc acetate
dihydrate, Materials Chemistry and Physics, 113, 1,
(2009), 334-337
https://doi.org/10.1016/j.matchemphys.2008.07.07
0

Mansoor Farbod, Esmat Jafarpoor, Hydrothermal
synthesis of different colors and morphologies of
ZnO nanostructures and comparison of their
photocatalytic properties, Ceramics International, 40,
5, (2014), 6605-6610
https://doi.org/10.1016/j.ceramint.2013.11.116

Amira Saidani, Reguia Boudraa, Karim Fendi, Lamia
Benouadah, Abderrahim Benabbas, Atmane
Djermoune, Stefano Salvestrini, Jean-Claude
Bollinger, Abdulmajeed Abdullah Alayyaf, Lotfi
Mouni, Effect of Calcination Temperature on the
Photocatalytic ~ Activity of Precipitated ZnO
Nanoparticles for the Degradation of Rhodamine B
Under Different Light Sources, Water, 17, 1, (2025),
32 https://doi.org/10.3390/W17010032

87


https://doi.org/10.1007/s10854-018-9483-4
https://doi.org/10.1016/j.matchemphys.2008.07.070
https://doi.org/10.1016/j.matchemphys.2008.07.070
https://doi.org/10.1016/j.ceramint.2013.11.116
https://doi.org/10.3390/w17010032

	Effect of Calcination Temperature and Heating Rate on Zinc Oxide (ZnO) Synthesis Toward Antibacterial Properties
	1. Introduction
	2. Experimental
	2.1. Materials
	2.2. Instruments
	2.3. Synthesis of Zinc Oxide (ZnO)
	2.4. Materials Characterization

	3. Results and Discussion
	3.1. Synthesis of Zinc Oxide (ZnO)
	3.2. Crystallinity and Phase Formation
	3.2.1. Morphology
	3.2.2. Antibacterial Activity Test


	4. Conclusion
	Acknowledgments
	References


