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Abstract
In this study, MgO particles were synthesized via sol–gel technique and calcined at 600 °C for 2 h with heating rates of 2, 5,
10, and 20 °C/min, respectively, for the first time. Comprehensive characterizations were performed by TGA-DTA, XRD,
SEM, Raman spectroscopy, BET analysis, photoluminescence techniques. The kinetic parameters were determined by
employing four popular model-free methods: Flynn–Wall–Ozawa (FWO), Kissinger–Akahira–Sonuse (KAS), Starink, and
Tang methods. MgO powders had a high crystalline structure regardless of different heating rates based on XRD results.
Surface morphologies and surface areas of MgO powders did not change with heating rates. Surface morphologies of MgO
powders were found to be nearly spherical with some rounded shape and exhibiting faceted edges in some regions. The
specific surface area of MgO powders was found to be 5.9179, 5.6883, 3.6617, and 4.1942 m2/g with increasing heating rate,
respectively. According to Raman analysis, MgO particles produced at 2 °C/min possessed higher surface defects like
oxygen vacancies. The PL emission signals for MgO particles were observed at ~500 nm consisting of broad peaks, which
might be attributed to oxygen defects on the surface of particles. The antibacterial performances of MgO particles were
carried out against gram-negative E. coli and gram-positive B. subtilis by means of the agar disc diffusion method. MgO
particles produced at a heating rate of 2 °C/min possessed the biggest inhibition zone against gram-positive B. subtilis.
Having better antibacterial performances for MgO particles produced at 2 °C/min heating rate might be attributed to surface
oxygen vacancies and surface area, which led to the generation of more reactive oxygen species (ROS).
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Highlights
● MgO powders were fabricated by the sol–gel process with different heating rates.
● The effect of the heating rate on structure, morphology, and antibacterial activity was investigated.
● Non-isothermal and thermodynamic parameters of MgO powders were studied.
● MgO sample prepared at 2 °C/min heating rate exhibited the best antibacterial performance.

1 Introduction

Numerous researches have been done about the antibacterial
activity of metal oxide nanoscale range materials in order to
understand and predict their mechanism in terms of bacteria
and surface interactions so far [1]. Among the nanoscale
range metal oxides, MgO (magnesium oxide) is one of the
common oxide which has been gained tremendous attention
owing to its crucial properties such as low cost, abundance,
excellent thermal stability, non-toxicity, and biodegrad-
ability [2–6]. MgO has intensively been utilized in different
application fields such as catalyst [7, 8], refractory materials
[9], hazardous waste remediation [10], paints and super-
conductors [11], adsorption [12], and antibacterial or anti-
microbial agents [13] due to the its unique properties
mentioned above. From all of the mentioned application
areas, the antibacterial activity area has been drawn con-
siderable attention for MgO. MgO possesses superior anti-
bacterial activity. That is why MgO is regarded as an
efficient antibacterial agent versus Gram-positive and
Gram-negative bacteria without illumination [14]. The
antibacterial mechanism of MgO particles depends on the
generation of reactive oxygen species (ROS). The presence
of ROS leads to oxidative stress on bacterial cells. The
strong oxidative stress causes damage to the biological
system in order to destroy and kill them. The production of
ROS occurs between the bacteria and MgO nanoparticle
surfaces. When the MgO nanoparticle surfaces react with
absorbed O2 originated from bacteria, superoxide radicals
(O:�

2 ) are formed because of surface defects such as oxygen
vacancies at the surface of MgO nanoparticles [15–17]. The
capability of ROS generation is directly related to intrinsic
properties of MgO nanoparticles such as size, morphology,
crystallinity, composition, which cause changing of oxygen
vacancy concentration and basicity of MgO nanoparticles at
the surfaces [18, 19]. The intrinsic properties of MgO
nanoparticles can be varied by synthesis route and proces-
sing conditions such as different production methods or
calcination temperatures. There are numerous various types
of methods in order to fabricate MgO nanoparticles, such as
hydrothermal [20], solvothermal [21], co-precipitation [22],
microwave-assisted [23], sol–gel [24], combustion [25], etc.
Amongst, the sol–gel technique is a very simple, eco-
friendly, and low-cost method in order to prepare MgO
nanoparticles. Up to now, numerous studies have been
reported about MgO nanoparticles prepared with different

modifications such as doping, morphology, heterostructure,
calcination parameters (temperature, time) by using the
sol–gel method in order to evaluate antibacterial activity of
MgO nanoparticles. For example, Rao et al. [5] investigated
the effect of various ions doping in MgO nanoparticles on
antibacterial activity. Anicic et al. [26] reported the influ-
ence of the calcination temperature on antibacterial char-
acteristics of MgO microrods. Cai et al. [27] evaluated the
impact of the amount of Ag doping in MgO nanoparticles
on antibacterial activities. Wang et al. [28] produced MgO-
carboxymethyl chitosan nanocomposite to investigate anti-
bacterial activities. As mentioned above, MgO particles
with different modifications were produced by the sol–gel
method to understand and figure out antibacterial activity.
To the best of our knowledge, there is no study or report
about the synthesis of MgO nanoscale particles at different
heating rates in order to observe antibacterial activity by
using the sol–gel method. Even though Jeevanandam et al.
[29] focused on the effect of calcination temperature on the
MgO nanoparticles synthesized by sol–gel method, the
influence of heating rate on the physicochemical properties
of MgO nanoparticles have not investigated yet. But there
are some studies that state the importance of the heating rate
on the physical and chemical properties of particles. Dikici
et al. [30] studied on the effect of heating rate on photo-
catalytic degradation for TiO2 oxides. They found that
heating rate changed the degree of crystallization of TiO2

oxides, which led to alteration of the photocatalytic degra-
dation efficiency. Demirci et al. [31] investigated how the
heating rate influenced the microstructure and surface
properties of ZnO nanoparticles. The findings showed that
the heating rate regime caused the variation of physical
properties of ZnO particles such as surface oxygen vacan-
cies. Increasing of heating rate generated high surface
oxygen vacancies, which shifted the photocatalytic degra-
dation rate. Therefore, this study investigated the effect of
different heating rates on the crystalline structure of MgO
nanoscale particles formed by the sol–gel technique. Fur-
thermore, kinetic and thermodynamic studies were per-
formed for MgO nanoscale particles. The physical and
chemical properties of MgO nanoscale particles such as
crystalline structure, surface morphology, surface defect,
etc. were characterized by using XRD, FESEM, EDS,
Raman spectrum, photoluminescence (PL), BET analysis.
Moreover, the antibacterial activity of MgO powders was
examined.
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2 Material and methods

2.1 Synthesis of MgO particles

MgO powders were prepared via the sol–gel
method, as described earlier, with slight modifications of our
previous study [8]. Magnesium nitrate hexahydrate
(Mg (NO3)2.6H2O, 98%, Telkim) was used as an initial
material. First, 102.33 g of magnesium nitrate hexahydrate
was weighed then dissolved in 100 mL absolute ethanol
(purchased from Merk Company) for 30 min. Then, 20 ml of
GAA (glacial acetic acid) was added to the obtained solution
and vigorously stirred. Then, the prepared solution was dried
at 150 °C for 24 h in order to get the xerogel structure. The
calcination of xerogel powders was performed at 600 °C for
2 h at different heating rates. 2, 5, 10, and 20 °C/min were
chosen as heating rates to get MgO powders.

2.2 Material characterization

2.2.1 Thermogravimetric and differential thermogravimetry
analysis (DTA)

Thermogravimetric analysis (TGA) and DTA of synthe-
sized MgO xerogel were conducted by means of a trans-
verse acoustic (TA) TGA-SDT Q600 analyser in order to
evaluate kinetic and thermodynamic properties. The sample
weight was around 14 mg and placed in an alumina cruci-
ble. The temperature was raised from the ambient tem-
perature up to 800 °C with various heating rates (2, 5, 10,
and 20 °C/min) under an air atmosphere.

2.2.2 Kinetic analysis methods

TGA/DTA measurements under different heating rates were
carried out, as explained in Section 2.2.1. The rate of kinetic
process in non-isothermal transformation is frequently
expressed, as seen in Eq. (1).

dα

dt
¼ kðTÞf αð Þ ð1Þ

where α is the fractional conversion factor and can be
calculated from experimental TGA data. The formulation of
α is equivalent to (mi−mt)/(mi−me), and mi, mt, and me are
the initial mass, mass at time t, and final mass of the sample,
respectively. k(T) is the rate constant, which is defined by
the Arrhenius equation, k(T)= Aexp(−E/RT). Where E is
the activation energy, A is the pre-exponential factor, T and
R are temperature and gas constant, respectively. Substitut-
ing the Arrhenius equation in Eq. (1) and using β (dT/dt),
which is a constant heating rate for measurements, the
differential form of the rate law can be written as expressed

Eq. (2) [32].

dα

dT
¼ A

β
exp � Ea

RT

� �
f αð Þ ð2Þ

TGA/DTA data can be evaluated based on model-fitting
and/or model-free methods derived from Eq. (2). The results
were evaluated using model-free methods in order to deter-
mine the kinetic parameters such as Ea and A. There are
several model-free methods, such as Flynn–Wall–Ozawa
(FWO) [33–36], Kissinger–Akahira–Sonuse (KAS) [37–39],
Starink [40], and Tang methods [41].

2.2.2.1 FWO method The FWO method allows obtaining
the activation energy, Ea from a plot of logβ versus 1/T.

ln β ¼ ln
AEa

RgðαÞ
� �

� 5:331� 1:052
Ea

RT
ð3Þ

2.2.2.2 KAS method A plot of ln β
T2

� �
versus 1/T gives a

slope of Ea/R.

ln
β

T2

� �
¼ ln

AR

EagðαÞ
� �

� Ea

RT
ð4Þ

2.2.2.3 Starink method Starink method, Eq. (5), is one of
the iso-conversional models and is suggested as a more
precise approximation than both of KAS and FWO methods
[40, 42]

ln
β

T1:92

� �
¼ ln

AR0:92

E0:92
a gðαÞ

� �
� 0:312� 1:0008

Ea

RT
ð5Þ

where CStarink is a constant. The activation energy, Ea, can
be determined slope of ln β

T1:92

� �
against 1/T graph.

2.2.2.4 Tang method Tang method is a modified method
of the Madhusudanan–Krishnan–Ninan method [43] and the
relation lnð β

T1:894661Þ to 1/T is represented as seen below.

ln
β

T1:894661

� �
¼ ln

A

g αð Þ
Ea

R

� ��0:894661
" #

� 0:37773896� 1:00145033
Ea

RT

ð6Þ

The thermodynamic parameters such as standard entropy
(ΔS), standard enthalpy (ΔH), and standard Gibbs free
energy (ΔG) were determined using Eqs. (7)–(9) [44],

LnA� Ea

RTP
¼ Ln

kTP
h

� ΔG
RTP

ð7Þ

ΔH ¼ Ea � RTP ð8Þ

ΔG ¼ ΔH � TPΔS ð9Þ
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where k is the Boltzmann constant and h is the Planck’s
constant. TP is the peak temperature.

2.2.3 Characterization methods

XRD analysis of MgO powders was carried out by the
Panalytical Empyrean XRD instrument using Cu Kα radia-
tion (1.5406 Å). Scanning electron microscopy (SEM)
examinations of MgO powders were investigated by means
of Carl Zeiss 300 VP instrument. Specific surface areas
and pore sizes of MgO particles were determined by
Brunauer–Emmett–Teller (BET) method using the N2

adsorption/desorption at 77 K with Micromeritics 3Flex
surface area analyser. Raman analysis of powders was per-
formed via the Renishaw Invia Raman system. PL emission
spectra were obtained using FS5 spectrofluorometer Edin-
burgh Instruments.

2.3 Antibacterial studies

The agar disc diffusion method was employed in order to
investigate the antibacterial activities of MgO samples. The
antibacterial performance was studied against gram-
negative Escherichia coli (E. Coli) and gram-positive
Bacillus subtilis (B. Subtilis) bacteria. A total of 150 mg
of MgO powder was transferred to the 13 mm mold and
pressed under 300 kPa to form a tablet. In the agar disc
diffusion method, the stock solution of 0.5 ml of both
bacteria was inoculated for each sample. The stock bacteria
solutions were transferred to nutrient agar and incubated in
order to get 108 CFU/ml concentration cell culture at 37 °C
for 24 h. The prepared MgO samples were placed on the
surface of the cultured agar plates and incubated at 37 °C for
24 h to observe inhibition zones around to samples. The
inhibition zone is the area in which the bacterial growth is
stopped. The diameter of the inhibition zones was measured
in millimeter. Also, the control samples were prepared
for both E. coli and B. Subtilis without adding any MgO
particles.

3 Result and discussion

3.1 Non-isothermal kinetics

The TG curves of MgO powders were presented in Fig. 1,
which shows that the weight loss of the MgO powders is
~50% between 300 and 500 °C. This result fits the results of
Jeevanandam et al. [29]. They revealed that the weight loss
changed between ~52 and 67% depending on the type of
gelling agent used to produce MgO particles. The change in
temperature values is related to the heating rate (2–20 °C/
min). The TGA curves shifted to a higher temperature

region with increasing the heating rate. As explained in
Section 2, four model-free methods, i.e., FWO, KAS,
Starink, and Tang methods, were applied to determine the
activation energy, Ea at four different heating rates. The
plots for the model-free methods were illustrated in Fig. 2.
According to Eqs. (3)–(6), the calculated activation energy
(Ea) was listed in Table 1 for each model-free technique.
Even though the models caused the small differences in
the activation energy values, the close values indicated that
the Ea values were acceptable. Moreover, it can be seen that
the values decreased with increasing the conversion rate
from 0.1 to 0.9. However, there are small differences
between the results related to the various mathematical
formulations of the models. The thermodynamic properties
such as Gibbs free energy (ΔG), enthalpy (ΔH), and
entropy (ΔS) were calculated by using Eqs. (7)–(9). The
results calculated at Tp were listed in Table 2. The corre-
sponding average values for ΔG, ΔH, and ΔS were deter-
mined as 179.52, 204.19 kJ/mol, and 37.01 J/(molK),
respectively. The positive ΔH and ΔG values indicated that
the thermal decomposition of MgO powders was an endo-
thermic non-spontaneous reaction. Also, ΔH is >0, and ΔS
is >0, which means that the process needs heat energy to
proceed spontaneously.

3.2 XRD analysis

XRD patterns of the MgO powders were illustrated in
Fig. 3. The locations of the peaks were characteristics of
MgO representing (111), (200), (220), (311), and (222) sets
of lattice planes according to the standard reference file
(JCPDS 98-015-9369). There are more lattice planes, which
indicate the polycrystallinity of the fabricated MgO sam-
ples. The sharp XRD peaks were indicative of highly
crystalline MgO particles regardless of the heating rate.

Fig. 1 TGA curves of the prepared MgO powders at different heating
rates under air atmosphere
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The absence of any other peaks substantiated the purity of
the calcined MgO powders. The XRD results in our study
supported the literature work [45]. The crystallite size (D) of
the MgO particles was estimated using the following

Derby–Scherrer equation [46].

D ¼ kλ

βcosθ
ð10Þ

Fig. 2 The curves of the FWO, KAS, Starink, and Tang model-free models for thermodynamic calculations

Table 1 Activation energies
based on FWO, KAS, Starink,
and Tang methods

FWO KAS Starink Tang

α Activation
energy (Ea)
(kJ/mol)

LnA
(s−1)

Activation
energy (Ea)
(kJ/mol)

LnA
(s−1)

Activation
energy (Ea)
(kJ/mol)

LnA
(s−1)

Activation
energy (Ea)
(kJ/mol)

LnA
(s−1)

0.1 318.94 56.83 324.77 57.68 324.94 57.75 324.86 57.73

0.2 229.69 39.68 230.71 39.84 230.96 39.93 230.95 39.92

0.3 216.99 37.11 217.13 37.10 217.40 37.20 217.40 37.20

0.4 215.30 36.51 215.14 36.45 215.42 36.55 215.43 36.55

0.5 201.13 33.80 200.08 33.57 200.39 33.68 200.40 33.68

0.6 189.02 31.59 187.24 31.22 187.56 31.33 187.58 31.34

0.7 179.75 29.96 177.40 29.46 177.72 29.58 177.75 29.59

0.8 172.63 28.76 169.80 28.17 170.13 28.29 170.17 28.30

0.9 166.16 27.78 162.90 27.09 163.25 27.22 163.30 27.23

Average 209.96 35.78 209.46 35.62 209.75 35.73 209.76 35.73
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where k= 0.94, λ= 1.5418 Å, β= full width half max-
imum (FWHM) and θ= diffracting angle. In addition to
crystallite size, dislocation density (δ) was calculated by
the equation [10].

δ ¼ 1=D2 ð11Þ

The crystalline size and dislocation density of the pre-
pared MgO particles were given in Table 3. The value of the
crystalline size of MgO particles was highly small, which
indicates the high degree of crystallinity. XRD results
supported the presence of high crystalline phases. Further-

more, the dislocation density value illustrates the degree of
crystallinity. Small dislocation density value implies that
MgO particles showed a high degree of crystallinity.

3.3 Surface morphology of MgO particles

SEM images of the calcined MgO powders were presented
in Fig. 4. Surface morphologies of the powders were found
to be nearly spherical with some rounded shape and exhi-
biting faceted edges in some regions. The sphere-like
morphology of MgO particles became more evident at a
high heating rate, 20 °C/min. Some degree of agglomeration
was also observed, which was a bit more for the lowest
heating rate, 2 °C/min. The surface morphology of the
particles was similar with some other studies [8, 47]. The
size of the particles showed no trend between different
heating rates in a proportional manner. The average of the
particle size for each SEM image is shown in Fig. 4.
Average particle sizes of MgO particles obtained for 2, 5,
10, and 20 °C/min heating rate were determined to be
378.3 ± 91.2, 489.0 ± 122.5, 385.6 ± 38.7, and 448.8 ±
51.3 nm, respectively. Based on the findings, it could be
deduced that MgO particles became more homogenous with
increasing heating rate.

3.4 BET analysis

BET analysis was implemented in order to quantify specific
surface areas of MgO powders produced at different thermal
treatment route. The N2 adsorption–desorption isotherms of
MgO particles and their pore size distribution, which were
embedded in N2 adsorption–desorption isotherms, were
shown in Fig. 5. As can be seen in Fig. 5, the N2 adsorption
isotherms of MgO particles took place at relative pressure
(P/P0) between 0.8 and 1. The isotherm behaviors of MgO
particles might be categorized as type IV isotherm with the
H3 hysteresis loop according to the IUPAC classification
[48]. Based on the N2 adsorption–desorption isotherm
curves, the specific surface area of the fabricated MgO
powders was found to be (a) 5.9179 m2/g, (b) 5.6883 m2/g,
(c) 3.6617 m2/g, and (d) 4.1942 m2/g with increasing heat-
ing rate, respectively. These small BET surface area values
are in agreement with the study of Du et al. [49].

Table 2 Thermodynamic parameters for thermal decomposition of the
MgO particles

β (°C/min) ΔH (kJ/mol) ΔG (kJ/mol) ΔS (J/molK) Tp (°C)

2 204.40 180.48 37.34 367.69

5 204.23 179.72 37.08 388.12

10 204.09 179.10 36.87 405.01

20 204.02 178.76 36.75 414.34

Average 204.19 179.52 37.01

Fig. 3 XRD patterns of the MgO powders calcined at 600 °C for 2 h at
different thermal treatment route

Table 3 Crystallographic
information and physical
properties of MgO powders
calcined at 600 °C for 2 h at
different heating rate

Samples Microstructure

Lattice parameter
(Å)

Crystalline
size (nm)

Dislocation density
δ� 1015 lines

m2

� � Lattice strain
((×10−6) Ɛ)

SBET
(m2g−1)

2 °C/min 4.21793 9.29 11.5 6.63 5.9179

5 °C/min 4.21645 10.29 9.44 2.75 5.6883

10 °C/min 4.21816 8.6 13.52 0.0158 3.6617

20 °C/min 4.21683 10.49 9.08 0.365 4.1942
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Fig. 4 SEM images of the MgO powders calcined at 600 °C for 2 h at different heating rates a, b 2 °C/min, c, d 5 °C/min, e, f 10 °C/min,
g, h 20 °C/min
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Furthermore, the pore size distributions of the prepared
particles were embedded in the N2 adsorption–desorption
isotherm curves. The average pore size for MgO particles
was determined so as to be 16.5, 18.36, 17.47, and
22.64 nm. It reveals that the fabricated MgO particles were
mesoporous materials. If the pore size of the material is

between 5 and 50 nm, the material is called mesoporous
material, according to the IUPAC classification [48]. It
reveals that the fabricated MgO particles were mesoporous
materials.

3.5 Raman spectra of MgO particles

Raman spectra of MgO particles were performed in the
range of 100–1200 cm−1 shown in Fig. 6. The bulk MgO
does not have a Raman spectrum because of its inversion
symmetry [50]. The observed Raman signals are only
related to the surface information. The Raman peak
observed around 282 cm−1 should be related to TA phonon
at the nanostructure zone boundary [51]. The observed
Raman peaks near 564 cm−1 were associated with long-
itudinal optical (LO) mode of MgO particles [52]. The
Raman modes of transversal acoustics (TA) and transverse
optical (TO) for MgO particles were seen at 742 cm−1 [53].
The highest peaks around 1064 cm−1 accompanying with
shoulder peaks near 1086 cm−1 might be attributed to
TO–LO modes due to surface phonon gap [54]. The
intensity and FWHM of Raman spectra are often used as an
indication of the ordering in the material. The presence of

Fig. 5 N2 adsorption–desorption isotherms for MgO particles and their pore size distribution (embedded). Nitrogen adsorption and desorption
isotherms measured at 77 K for MgO powders prepared at different thermal treatment route

Fig. 6 Raman spectra of MgO particles between 200 and 1200 cm−1,
which were annealed at 2, 5, 10, and 20 °C/min heating rate
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lower intense Raman peaks means having a higher degree
of disorder (vacancies or defects) in the material’s surface.
Within this framework, the disorder on the surface, which
means that oxygen defects and vacancies, decreased by
increasing the heating rate. So that, MgO produced at 2 °C/
min possessed lower intense Raman signal. Therefore, it
had higher surface defects, like oxygen vacancies. The PL
analysis supported this result.

3.6 PL studies

The PL studies for produced MgO powders at different
thermal treatment routes were performed to figure out and
understand bulk and surface defects. The PL emission spectra
of particles were obtained after an excitation wavelength of
360 nm. The PL emission signals were observed at ~500 nm
consisting of broad peaks, as given in Fig. 7. The observed
broad emission of PL centered at almost 500 nm might be
attributed to the recombination of electrons and surface
oxygen defects or vacancies on the surface of produced
powders [13, 55–57]. The increase in intensity of PL emis-
sion spectra implies an increase of surface oxygen defects.
Within this concept, it was clearly seen in Fig. 7 that the
surface oxygen defects for MgO particles showed a
decreasing trend with increasing heating rate. It could be
concluded that the MgO particles produced at 2 °C/min had
the highest surface oxygen defects, while the lowest was
MgO particles produced at 10 °C/min. Having high surface
defects is very crucial for antibacterial application. Higher
surface defects enable to generate much more ROS.

3.7 Antibacterial studies

As can be seen in Fig. 8, the antibacterial performances of
MgO particles were carried out against gram-negative

E. coli and gram-positive B. subtilis by means of the agar
disc diffusion method. The zone of inhibition areas around
the samples was measured in millimeter. The areas around
the samples indicate that no bacterial growth occurs. In
other words, the growth of bacteria is limited. The inhibi-
tion zone values (in mm) for MgO particles were given in
Table 4. MgO particles showed better inhibition in the
growth against gram-positive B. subtilis as compared to
gram-negative E. Coli. The MgO particles produced at 2 °C/
min heating rate possessed the biggest inhibition zone
against gram-positive B. subtilis. The inhibition zone dia-
meter for MgO particles produced at a heating rate of 2 °C/
min was 3.9 mm. The MgO particle fabricated at 10 °C/min
heating rate showed the lowest antibacterial activity toward
the B. subtilis. This sample had an inhibition zone of 2 mm
in diameter. When it comes to gram-negative E. coli bac-
terium, the MgO samples did not show the desired anti-
bacterial activity. The existing one can be neglected. The
result of antibacterial activity clearly showed that the anti-
bacterial performance of MgO particles was in the follow-
ing order: MgO (2 °C/min) >MgO (5 °C/min) >MgO
(20 °C/min) >MgO (10 °C/min) against gram-positive B.
subtilis. The antibacterial activity of MgO samples is gen-
erally related to ROS, which may originate from the specific
surface area, morphology, degree of crystallinity, crystal
size, surface oxygen vacancies, and diffusion capability of
chemical compounds [10]. In our study, the discrepancy in
antibacterial performances for MgO particles might be
ascribed from surface oxygen vacancies and surface area.
Even though the specific surface areas of MgO samples
were very close to each other, MgO particles produced at
2 °C/min heating rate had the highest surface area, which
permits them to interact with the cell membrane of the
bacteria through its surface. The more interaction between
the bacterium and sample prevents the growth of bacteria
because of having more reactive surface oxygen vacancies.
The oxygen vacancies on the surface of MgO particles
adsorb oxygen (O2) originated from bacteria and produce
ROS based on the following reactions below such as
superoxide radicals (O:�

2 ), hydroxyl radicals (·OH), and
hydrogen peroxide (H2O2), which cause oxidative stress on
bacterial cells. The strong oxidative stress causes damage to
the biological system in order to destroy and kill them
[58, 59].

O2 þ e� ! O:�
2 ð12Þ

O:�
2 þ H2O ! �HO2 þ OH� ð13Þ

�HO2 þ �HO2 ! H2O2 ð14Þ

H2O2 þ O:�
2 ! O2 þ �OHþ OH� ð15Þ

Fig. 7 PL emission spectra of MgO powders prepared at various
thermal treatment route
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The adsorbed oxygen molecules are transformed into
superoxide anion radical (O:�

2 ) after reaction with electrons.
Then, superoxide radicals react with water to generate

hydroperoxyl radicals. After the formation of hydroperoxyl
radicals, they can recombine to form H2O2. The formed
H2O2 may react with superoxide radical to form hydroxyl

Fig. 8 Antibacterial activities of
MgO powders against B. subtilis
and E. coli bacteria tested by
Agar well diffusion method. The
inhibition zones are clearly seen
in both the cases

Journal of Sol-Gel Science and Technology (2021) 99:576–588 585



radical and hydroxyl ion. Finally, the generated H2O2 reacts
with superoxide anion radical and form hydroxyl radical
and hydroxyl ion. The generated ROS play an important
role in antibacterial activity [59]. Within this framework, it
can be deduced that MgO particles produced at 2 °C/min
heating rate had the highest surface oxygen vacancies
according to our Raman and PL analysis. Hence, the anti-
bacterial activity of MgO particles produced at 2 °C/min
heating rate was better than the others because of the pro-
duction of more ROS.

4 Conclusion

In conclusion, MgO particles were prepared by means of the
sol–gel route and calcined at 600 °C for 2 h with distinct
heating rates. XRD patterns showed that MgO samples
exhibited a high crystalline structure. Surface morphologies
of MgO powders were found to be nearly spherical with
some rounded shape and exhibiting faceted edges in some
regions. The average particle size varied from 378 to
480 nm for MgO powders. The specific surface area of
MgO powders was found to be 5.9179, 5.6883, 3.6617, and
4.1942 m2/g by an increase in heating rate, respectively.
MgO particles produced at 2 °C/min possessed higher
surface defects, like oxygen vacancies. The antibacterial
performances of MgO particles were carried out against
gram-negative E. coli and gram-positive B. subtilis by
means of the agar disc diffusion method. MgO particles
produced at 2 °C/min heating rate possessed the biggest
inhibition zone against gram-positive B. subtilis. The dia-
meter of the inhibition zone for MgO particles produced at a
heating rate of 2 °C/min was 3.9 mm. In sum, MgO particles
should be a good candidate for antimicrobial-based appli-
cations. It is recommended for the further studies to
investigate the effect of the calcination temperature on
modification of the shape, size, antibacterial activity, etc. of
MgO particles.
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