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microstructural, and functional properties of MgO nanoparticles
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Magnesium oxide (MgO) nanoparticles were synthesized using a co-precipitation method and then calcined at 450◦C, 650◦C, and 700◦C
to study the effects of different calcination temperatures on the structure and microstructure. The phase composition of the synthesized
samples was studied using X-ray diffraction (XRD), which showed that all samples were composed of single-phase cubic MgO, and no
secondary phases were detected. The Williamson-Hall (W–H) analysis using Lorentzian and Gaussian peak-profile functions was employed
to investigate the effects of calcination temperature on the crystallite size and lattice microstrain. The results demonstrated that the calcina-
tion temperature significantly affected the MgO nanoparticles. With increasing temperature, the microstrain decreased, the crystallite size
increased, and the thermal stability and ordering of the lattice improved. The study also revealed that increasing the calcination temperature
led to a significant increase in the unit-cell volume and lattice ordering. When comparing the Lorentzian and Gaussian profiles, it was ob-
served that both profiles produced very similar effects on the crystallite size; however, their effects on strain were different. Therefore, it was
concluded that the calcination temperature used during the synthesis of MgO nanoparticles has a direct effect on the crystallite size, defect
concentration, and the structural quality of the final product.
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1. Introduction

Magnesium oxide (MgO) nanoparticles have great poten-
tial for multiple applications due to their unique character-
istics arising from their diverse physicochemical properties.
Some applications of MgO nanomaterials include catalysis,
optoelectronics, energy storage systems, refractory materi-
als, antibacterial coatings, and biomedical engineering [1-3].
Compared with bulk materials, nanoscale MgO has a higher
surface-to-volume ratio, a denser concentration of surface ac-
tive sites, and defect-mediated functional properties. MgO
nanoparticles exhibit enhanced catalytic, dielectric, and op-
tical properties [4,5]. The microstructural characteristics of
oxide nanoparticles are affected by the synthesis methods and
heat treatments employed. The condensation and calcination
of the oxide precursor are particularly important, as they can
significantly alter the final microstructure of the nanoparticles
by changing the concentration and morphology of surface de-
fects [6-8]. Other factors also influence the microstructure of
MgO nanoparticles, such as calcination temperature, which
can affect the migration and diffusion of atoms and thereby
reduce defects. Previous studies have shown that as the cal-
cination temperature increases, crystallinity improves while
both defect density and microstrain decrease until an optimal
temperature is reached [9,10]. Beyond this point, higher cal-
cination temperatures may lead to particle agglomeration and

a reduction in active surface area, thereby decreasing particle
efficiency [11].

MgO nanoparticles are useful for studying microstruc-
tural changes at elevated temperatures because of their sim-
plicity and stability. MgO crystal structures contain defects
that exhibit distinct behavioral features [12,13]. Therefore,
precise measurements of the microstructural features of MgO
nanostructures are essential to understanding the relation-
ship among processing, structure, and material properties
[14,15]. This is particularly important for parameters such
as crystallite size, dislocation density, internal stress, and mi-
crostrain.Among the various techniques used to investigate
nanocrystalline materials, X-ray Diffraction (XRD) is one of
the most prominent. Traditionally, the Scherrer equation has
been used to estimate crystallite size from the broadening
of XRD peaks, often neglecting the contribution of internal
strain [16,17]. In contrast, the Williamson-Hall (W-H) equa-
tion allows peak broadening to be decomposed into size and
strain contributions [18]. The W–H method can be further
improved through the use of Lorentzian or Gaussian peak-
profile functions, which help distinguish the two broadening
mechanisms. Furthermore, the W–H approach can be applied
to describe defect behavior and structural relaxation in oxide
materials [19-22].

Recently, extensive research has focused on the influence
of calcination temperature on the properties of nanoscale ox-
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ides, particularly Mg-based ferrites [23,24]. Mansouri and
co-workers reported that chromium substitution in magne-
sium ferrites caused lattice distortion and defect engineer-
ing, thereby affecting both structural and optical properties of
Mg–Co ferrite nanoparticles [25]. Zarai and colleagues ob-
served that thermal treatment of Mg0.6Co0.4FeAlO4 spinel
ferrites enhanced crystallinity and optoelectronic properties
while reducing the optical band gap [26]. Similarly, Chebbi
and co-workers investigated the influence of chromium sub-
stitution and thermal treatment on the structural, optical,
and electrical properties of Mg–Co ferrite nanoparticles [27].
Jdey and colleagues demonstrated that dielectric properties
of Mg-based ferrites improved with enhanced lattice order-
ing, reduced microstrain, and higher calcination tempera-
tures [17,28,29]. Numerous studies have also shown that
thermal treatment of nanoscale oxides promotes hierarchical
grain growth, reduction of lattice imperfections and structural
defects, stress relaxation, and improved crystallinity quality
and stability [30,31]. However, only a limited number of
studies have focused specifically on MgO nanoparticles, and
even fewer have investigated the relationship between calci-
nation temperature, crystallite growth, lattice strain, and de-
fect density [32]. Moreover, detailed Williamson-Hall analy-
ses using both Lorentzian and Gaussian peak fitting methods
remain scarce in studies concerning thermally treated MgO
nanoparticles [25]. Understanding these parameters is essen-
tial for improving the application of MgO nanostructures in
catalytic, optical, dielectric, and biomedical fields [17,33].

The present study investigates the effects of calcination
temperature on the structure and microstructure of MgO
nanoparticles synthesized using the co-precipitation method.
MgO nanoparticles were prepared and calcined at different
temperatures to evaluate the impact of calcination tempera-
ture on nanoparticle microstructure. The crystallite size and
stress of the calcined MgO nanoparticles were analyzed us-
ing X-ray Diffraction (XRD), while Williamson-Hall (W–H)
modeling methods were employed to estimate microstrain
and dislocation density. Both Lorentzian and Gaussian peak-
profile fitting methods were utilized in the W–H analysis. Ad-
ditionally, the study evaluates the effects of synthesis meth-
ods on the thermal and microstructural properties of MgO
nanoparticles prepared via co-precipitation. The Lorentzian
and Gaussian methods were also used to explain peak-profile
positioning and estimate crystallite size and microstrain. Fi-
nally, the study provides insights into microstructural stabi-
lization and defect evolution in MgO nanomaterials.

2. Experimental details

2.1. Chemicals and materials

All chemicals used were of analytical grade, as this guar-
antees high purity MgO nanoparticle synthesis. Magnesium
sulfate heptahydrate (MgSO4·7H2O,≥99%, Sigma-Aldrich)
was used as the magnesium source for nanoparticle synthe-
sis because of its convenient solubility. MgSO4·7H2O was

selected because Mg2+ ions precipitate completely under
alkaline conditions.As the precipitating agent, Ammonium
Hydroxide (NH4OH, analytical grade, Sigma-Aldrich) was
employed to control the pH and facilitate the formation of
magnesium hydroxide precipitates. Distilled water was used
throughout the synthesis process in order to minimize side
reactions and ionic contamination. The observed changes
in the structural and microstructural properties of the MgO
nanoparticles were attributed solely to the effects of calci-
nation. This was ensured by taking utmost care to avoid the
presence of precursor impurities during the synthesis process.

2.2. Synthesis of MgO Nanoparticles by co-precipitation
method

The synthesis of MgO nanoparticles was carried out using a
simple and effective controlled co-precipitation route. This
method was selected because it offers low synthesis cost,
high purity of the final product, and excellent control over
the size and morphology of the nanoparticles. Magnesium
sulfate heptahydrate (MgSO4 · 7H2O, Sigma Aldrich, 99%)
was used as the magnesium source. A measured quantity
of MgSO4 · 7H2O was dissolved in 100 mL of freshly dis-
tilled water to prepare a 0.5 M magnesium precursor solu-
tion. The solution was stirred continuously at 700 rpm and
heated to 80–90◦C for 24 h to ensure complete dissolution
of the precursor salts. This process enabled uniform ion dis-
tribution within the solution and promoted homogeneous nu-
cleation.To form magnesium hydroxide (Mg(OH)2), ammo-
nium hydroxide (NH4OH, analytical grade, Sigma Aldrich)
was used as the precipitation agent and added dropwise:

MgSO4 + 2NH4OH→ Mg(OH)2 + (NH4)2SO4

NH4OH was used because it creates a controlled alka-
line environment and sublimates during calcination, thereby
keeping the final MgO product free from impurities. Dur-
ing the experiments, the reaction medium was maintained at
an alkaline pH of approximately 10–11 to ensure complete
precipitation of all Mg2+ ions as Mg(OH)2 and to achieve
a homogeneous particle-size distribution.The homogeneous
white suspension obtained was centrifuged at 6000 rpm for
10 min, and the resulting precipitate was washed several
times with distilled water to remove sulfate and ammonium
ions. The Mg(OH)2 precipitate was then dried at 100◦C for
12 h. This drying process was carried out to remove mois-
ture and prepare the sample for subsequent calcination. The
Mg(OH)2 powder was calcined at different temperatures to
obtain various morphologies and structural characteristics.
Prior to calcination, the powder was finely ground to reduce
agglomeration and promote a more homogeneous distribu-
tion of particles.

2.3. Calcination at different temperatures

The researchers divided the dried Mg(OH)2 powder into
three batches, which were then placed in high-purity alumina
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FIGURE 1. Schematic for the preparation steps followed for all
samples preparation

crucibles to prevent contamination during thermal treatment.
Each sample was then placed in a programmable muffle fur-
nace to convert Mg(OH)2 into MgO under an open-air atmo-
sphere:

Mg(OH)2 → MgO + H2O. (1)

The calcination process was carried out at temperatures
of 450 ◦C, 650◦C, and 700◦C using a controlled heating
rate of 5 ◦C min−1. An isothermal holding time of 24 h
was maintained to ensure complete phase transformation and
crystallization. The selected calcination temperatures were
chosen to investigate the temperature-dependent structural
evolution of MgO nanoparticles. The lower calcination tem-
perature of 450◦C was used to examine the initial stage of
crystallization, which generally results in smaller crystallite
sizes and higher defect density. The higher calcination tem-
peratures of 650◦C and 700◦C were selected to promote
grain growth, lattice relaxation, reduction of structural de-
fects, and improved lattice ordering. These temperatures also
lie within the range reported in the literature where significant
microstructural changes in MgO nanoparticles are commonly
observed.After calcination, the furnace was allowed to cool
naturally to room temperature in order to minimize thermal
shock and prevent particle cracking. The obtained MgO pow-
der samples were then gently ground to break weak agglom-
erates and stored in sealed glass containers to avoid moisture
absorption.The samples were labeled as MgO-450, MgO-
650, and MgO-700, respectively, and were further character-
ized using the Williamson-Hall (W-H) method to investigate
their structural and microstructural properties.

2.4. X-Ray diffraction (XRD) characterization

To evaluate the impact of calcination temperature on MgO
nanoparticles, X-ray Diffraction (XRD) analysis was per-
formed. The analysis was carried out using a Philips X’Pert
PRO X-ray diffractometer equipped with a Cu Kα radiation
source. The X-ray source operated at 40 kV and 40 mA. Prior
to analysis, the instrument accuracy was verified and cali-
brated using a commercial silicon standard.The XRD scans
were recorded over an angular range of10◦ to 80◦ with a
step size of0.02◦, a counting time of1 s per step, and a
scanning rate of2◦ min−1. The obtained diffraction pat-
terns were indexed, and the Joint Committee on Powder

Diffraction Standards (JCPDS) database was used to iden-
tify the periclase phase of MgO and confirm the complete
removal of secondary phases from the calcined Mg(OH)2

products.The diffraction peak broadening was analyzed us-
ing Line Profile Analysis (LPA) with combined Lorentzian
and Gaussian peak-profile fitting approaches. LPA was em-
ployed because it provides reliable estimations of crystallite
size and microstrain-induced broadening effects within the
samples. Line profile analysis and peak broadening tech-
niques are widely applied in the microstructural characteri-
zation of nanostructured materials.

2.5. Williamson-Hall method

The Williamson-Hall (W-H) method is used to evaluate the
broadening of X-ray diffraction peaks caused by finite crys-
tallite size and lattice microstrain. Assuming the strain is uni-
form and anisotropic, the total peak broadening (β) can be
expressed using the Williamson-Hall equation as follows:

β cos θ =
kλ

D
+ 4ε sin θ, (2)

whereβ is the full width at half maximum (FWHM) of the
diffraction peak after instrumental correction,k is the shape
factor (k = 0.94), λ is the X-ray wavelength,D is the crys-
tallite size,ε is the uniform elastic microstrain of the crys-
tal, andθ is the Bragg diffraction angle. In this equation,
kλ/D represents size broadening, whereas4ε sin θ corre-
sponds to strain broadening.In the Williamson-Hall analysis,
the FWHM values of the most intense diffraction peaks corre-
sponding to different crystallographic planes were extracted
from the corrected XRD patterns after removing instrumen-
tal broadening. The quantitiesβ cos θ and4 sin θ were lin-
early fitted to separate the contributions of crystallite size
and lattice strain. The crystallite size was determined from
the intercept of the fitted line, while the lattice microstrain
was obtained from the slope.This method enables the quanti-
tative determination of crystallite size and lattice imperfec-
tions in MgO nanoparticles synthesized at different calci-
nation temperatures and further characterized using thermal
analysis [34].

3. Results and discussion

3.1. XRD analysis

The X-ray diffraction (XRD) patterns of MgO nanoparticles
calcined at 450◦C, 650◦C, and 700◦C (Fig. 2) reveal sig-
nificant structural evolution with increasing calcination tem-
perature. The diffraction peaks observed at approximately
2θ ≈ 36.9◦, 42.8◦, and62.1◦ correspond to the (111), (200),
and (220) crystallographic planes of cubic periclase MgO,
respectively. These results are consistent with JCPDS/PDF
card No. 45–0946 and previously reported MgO diffraction
studies [25,35,36]. The absence of secondary impurity peaks
confirms the formation of phase-pure MgO nanoparticles.
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FIGURE 2. XRD patterns of MgO nanoparticles at different calci-
nation temperatures (JCPDS No. 45-0946).

Similar calcination-temperature-dependent structural behav-
ior has also been reported for MgO-based nanomaterials and
spinel ferrite systems [25,26,28,37]. At a calcination tem-
perature of 450◦C, the diffraction peaks are relatively broad
with lower intensity, indicating smaller crystallite size, lower
crystallinity, and higher lattice microstrain. Peak broaden-
ing is generally associated with lattice distortion, structural
defects, and incomplete crystallization resulting from insuf-
ficient thermal energy during heat treatment [35,36]. The
restricted atomic mobility at lower temperatures suppresses
crystallite growth and enhances internal lattice strain. Sim-
ilar observations have been reported for Mg-based ferrite
systems [24,25]. With increasing calcination temperature to
650◦C and 700◦C, the diffraction peaks become sharper and
more intense, indicating improved crystallinity and enhanced
structural ordering. The increased thermal energy promotes
atomic diffusion, lattice relaxation, and grain growth, thereby
reducing defect density and lattice strain [28,36]. Grain
growth occurs through the coalescence of smaller crystallites
into larger grains in order to minimize the total grain bound-
ary energy. Similar improvements in structural ordering and
crystallinity at elevated temperatures were also reported by
Zarai et al. [26], Jdeyet al. [38], and Harrabiet al. [37]
for Mg-based spinel ferrite systems. Unlike previous studies
mainly focused on structural, optical, and dielectric enhance-
ments, the present work systematically correlates crystallite
growth, lattice strain reduction, and lattice expansion with
calcination temperature using Williamson-Hall analysis. A
gradual shift of the diffraction peaks toward lower2θ values
was observed with increasing calcination temperature. Ac-
cording to Bragg’s law,

nλ = 2d sin θ, (3)

the decrease in2θ values indicates an increase in interplanar
spacing (d-spacing), suggesting lattice expansion within the
cubic MgO structure. The crystallographic parameters sum-

TABLE I. Crystallographic parameters of MgO nanoparticles at
varying calcination temperatures, derived from XRD analysis of
the (200) reflection, including diffraction angle (2θ), interplanar
spacing (d), lattice parameter (a), and unit cell volume (V ).

Parameters 450◦C 650◦C 700◦C

2θ(200) (deg.) 42.8854 42.8063 42.7273

d-spacing,d (Å) 2.1071 2.1108 2.1146

Lattice parameter,a (Å) 4.2142 4.2216 4.2291

Unit cell volume,V (Å3) 74.8431 75.2390 75.6387

marized in Table I further confirm this trend, where the lattice
parameter increased from 4.214Å to 4.229Å, while the unit
cell volume increased from 74.84̊A3 to 75.64Å3 as the cal-
cination temperature increased from 450◦C to 700◦C. The
observed lattice expansion may be attributed to thermally in-
duced defect relaxation and structural reorganization within
the MgO lattice [28,36,39].

With increasing calcination temperature, the (200)
diffraction peak shifted toward lower 2θ values, indicating
lattice expansion in cubic MgO. The data presented in Ta-
ble I show that the interplanar spacing (d-spacing) increased
from 2.1071Å to 2.1146Å. A slight increase in the lat-
tice parameter and unit-cell volume was also observed, sug-
gesting reduced lattice distortion and improved structural or-
dering.These changes in the crystallographic parameters are
consistent with findings reported in the literature. Previous
studies have shown that higher calcination temperatures en-
hance the structural stability of MgO nanoparticles and im-
prove lattice uniformity due to defect reduction and lattice
relaxation [37,40-45].

FIGURE 3. XRD patterns of MgO nanoparticles calcined at 450-
700◦C, showing a (200) peak shift to lower2θ from lattice expan-
sion and strain relaxation (FCC MgO, JCPDS 45-0946).
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FIGURE 4. Systematic shift of the (200) diffraction peak toward
lower angles and corresponding linear increase of the lattice param-
eter with calcination temperature, confirming thermally induced
expansion of the MgO cubic lattice.

3.2. Lattice parameters

The lattice parameter was determined using the cubic relation

a = d
√

(h2 + k2 + l2), (4)

in Fig. 4 show that X-ray diffraction (XRD) on MgO nanopar-
ticles calcined at 450◦C, 650 ◦C, and 700◦C suggested
the high crystallinity single-phase FCC structure (JCPDS 45-
0946) formation [46]. With the increase in calcination tem-
perature, the (200) diffraction peak shifted towards lower 2θ
values which indicated that the lattice of cubic MgO was ex-
panded. As noted, the d-spacing increased from 2.1071Å
to 2.1146Å. Similarly, the lattice parameter increased from
4.2142Å to 4.2291Å, and the unit-cell volume was noted to
increase from 74.843̊A3 to 75.639Å3 and calcination tem-
perature increased. This increase in the temperature showed
that the lattice was less and less distorted and more and more
ordered. This is in agreement with other studies that noted

that as the temperature of calcined MgO nanoparticles was
increased, the MgO nanoparticles remained thermally stable,
and that the uniformity and stability of the MgO nanopar-
ticles’ lattice were improved [37,39,44,47]. Most of these
studies focused on the fabrication of MgO and the improve-
ment of the MgO’s functional properties, as well as the de-
gree of crystallinity of the MgO; however, little consideration
was made to the relationship of the lattice parameters and
the microstructural behavior of the MgO. The current study
for MgO suggested a temperature-dependent XRD analysis
of crystallographic parameters, a comparative analysis for
MgO, and provided MgO lattice behavior.

From Table I and Fig. 4, the diffraction angle (2θ) cor-
responding to the (200) plane decreased systematically from
42.08◦ at450 ◦C to 41.67◦ at700 ◦C, while the correspond-
ing lattice parameter increased from4.187 Å to 4.192 Å, in-
dicating lattice expansion with increasing calcination temper-
ature. The relationship is given by:

2θ(200) = −0.000565 T + 43.145. (4)

Similarly, the corresponding linear increase in the lattice
parameter with temperature follows:

a(T ) = 5.952× 10−5T + 4.18744,

450◦C ≤ T ≤ 700◦C. (5)

The decrease in 2θ values and expansion of the lattice
parameter are indicative of the thermal relaxation of the
MgO lattice and thermal expansion of the crystal structure.
This behavior is associated with the reduction of lattice de-
fects and distortion at elevated calcination temperatures [41].
The linear relationship between lattice parameter and calci-
nation temperature indicates that thermal treatment induces
predictable changes in lattice dimensions in accordance with
Vegard’s law. This phenomenon has also been observed in
MgO nanocrystals, where increasing calcination temperature
resulted in improved crystallinity, reduced lattice defects and
distortion, and lattice expansion [48,49].

3.3. Nelson–Riley method

The Nelson–Riley extrapolation method was employed to de-
termine the accurate lattice parameter by minimizing system-
atic errors associated with X-ray diffraction measurements.
The Nelson–Riley function is expressed as

f(θ) =
1
2

(
cos2 θ

sin θ
+

cos2 θ

θ

)
, (6)

whereθ is the Bragg angle expressed in radians according
to the method proposed by Nelson and Riley [50]. The true
lattice parameter was obtained by linear extrapolation of the
apparent lattice parameter tof(θ) = 0, thereby minimizing
systematic errors arising from specimen displacement, sam-
ple transparency, and instrumental effects.
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FIGURE 5. Nelson-Riley plot for MgO nanoparticles calcined at 450◦C, 650 ◦C, and700 ◦C.

The corresponding Nelson–Riley plots for MgO nanopar-
ticles calcined at 450, 650, and 700◦C are presented in
Figs. 5a) – 5c). The extrapolated lattice parameter increased
from 4.2314Å at 450◦C to 4.2352Å at 700◦C, indicating
lattice strain relaxation, improved crystallinity, and enhanced
crystal ordering. The excellent linearity observed for all three
temperatures confirms the consistency of the diffraction data
and the applicability of the Nelson–Riley method for accurate
lattice parameter determination.

The gradual increase in the extrapolated lattice parameter
with increasing calcination temperature is attributed to the
reduction of lattice imperfections, relaxation of residual mi-
crostrain, and thermally assisted grain growth. As the calci-
nation temperature increases, atomic diffusion becomes more
effective, allowing Mg2+ and O2− ions to occupy energeti-
cally favorable lattice positions, thereby reducing defect con-
centration and improving long-range structural ordering.

Furthermore, the intercept values obtained from the lin-
ear fits are in close agreement with the lattice expansion
trend observed from the XRD analysis, providing indepen-
dent confirmation of the structural evolution induced by cal-
cination. The consistent increase in lattice parameter also
supports the crystallite size enhancement and strain relax-
ation obtained from the Williamson–Hall analysis, indicating
that higher calcination temperatures promote the formation
of well-crystallized MgO nanoparticles with improved struc-
tural stability [22,36].

3.4. Microstructural parameters analysis

Crystallite size and microstrain are critical factors in deter-
mining the microstructural and physical properties of mate-
rials. X-ray diffraction (XRD) line profile analysis is among
the most reliable methods for estimating crystallite size and
the non-uniform lattice strain arising from atomic displace-
ments relative to ideal lattice positions [51]. The broaden-
ing of diffraction peaks corresponding to a given(hkl) re-
flection is mainly attributed to finite crystallite size and lat-
tice strain induced during partial crystallization. For sam-
ples exhibiting multiple diffraction peaks, as in the present
study, the Williamson-Hall (W-H) method is considered the
most appropriate approach [52]. The integral breadth (area-

normalized peak width) of each diffraction peak was deter-
mined experimentally. The observed peak broadening (B)
contains contributions from instrumental effects (b), crystal-
lite size, and microstrain.To obtain physically meaningful mi-
crostructural parameters, instrumental broadening must first
be corrected using a standard crystalline reference sample.

Instrumental Broadening Correction:

Depending on the assumed peak profile, two different correc-
tion approaches are used:

(1) Gaussian peak profile (strain-dominated broaden-
ing):

β =
√

B2 − b2. (7a)

This quadratic subtraction is valid when peak shapes
follow a Gaussian distribution, where broadening con-
tributions are statistically independent.

(2) Lorentzian (Cauchy) peak profile (size-dominated
broadening):

β = B − b. (7b)

This linear subtraction is appropriate when peak broad-
ening follows a Lorentzian shape, typically associated with
finite crystallite size effects. Here,β represents the cor-
rected integral breadth after removing instrumental contribu-
tion. After instrumental correction, the total physical broad-
ening can be expressed as the sum of size and strain contri-
butions:

βhkl = βsize+ βstrain+ βinst. (8)

After correction:

βcorr =

{√
B2 − b2, (Gaussian assumption),

B − b, (Lorentzian assumption).
(9)

For further analysis using the Williamson-Hall method, the
corrected broadening is separated into size and strain compo-
nents:
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βcorr = βsize+ βstrain, (10)

or, in squared form for Gaussian-type analysis:

β2
corr = β2

size+ β2
strain. (11)

3.5. Williamson-Hall equation

The Williamson-Hall (W-H) method separates size- and
strain-induced broadening by plotting peak broadening
against diffraction angle. It relates total broadening (β) to
crystallite size (D) and microstrain (ε) [53]:

β =
kλ

D cos θ
+ 4ε tan θ, (12)

β cos θ =
kλ

D
+ 4ε sin θ. (13)

For Gaussian approximation, the squared form is:

FIGURE 6. Williamson–Hall plots of MgO nanoparticles calcined
at 450, 650, and 700◦C: a) Lorentzian W–H plots ofβ cos θ ver-
sus4 sin θ, and b) Gaussian squared-form W–H plots of(β cos θ)2

versus16 sin2 θ, showing the effect of calcination temperature on
crystallite size and lattice microstrain.

β2 cos2 θ =
(

kλ

D

)2

+ 16ε2 sin2 θ, (14)

whereβ is the full width at half maximum (FWHM) after
instrumental correction (in radians),θ is the Bragg diffrac-
tion angle,k is the shape factor (k = 0.94), λ is the X-ray
wavelength,D is the crystallite size, andε is the microstrain.
The Williamson-Hall (W-H) analysis was conducted to inves-
tigate the effect of calcination temperature on the crystallite
size and lattice strain of MgO nanoparticles synthesized at
450 ◦C, 650◦C, and 700◦C (Fig. 6). The plots ofβ cos θ
versus4 sin θ and (β cos θ)2 versus16 sin2 θ revealed that
increasing calcination temperature resulted in larger crystal-
lite size and lower lattice microstrain. At 450◦C, the W-H
plots exhibited a higher slope and smaller intercept, indicat-
ing significant lattice strain and smaller crystallite size due
to incomplete crystallization, lattice distortion, and defect-
rich grain boundaries [53]. Limited atomic diffusion at lower
calcination temperatures restricts crystallite growth and pro-
motes structural disorder. With increasing calcination tem-
perature to 650◦C and 700◦C, the slope of the W-H plots
decreased while the intercept increased, confirming progres-
sive strain relaxation and crystallite growth. Enhanced ther-
mal diffusion at elevated temperatures promotes atomic re-
arrangement within the MgO lattice, reducing defect density
and improving structural ordering. Similar behavior has been
reported for Mg-based nanomaterials [26,54]. At 700◦C, the
W-H analysis showed the lowest microstrain and the largest
crystallite size, indicating improved lattice stability and en-
hanced long-range atomic ordering. These results demon-
strate that calcination temperature plays a critical role in con-
trolling the microstructural evolution and structural quality of
MgO nanoparticles.

The Williamson-Hall (W-H) analysis shows that both
Lorentzian and Gaussian fittings indicate that crystallite size
and lattice microstrain depend on calcination temperature
(Fig. 7). For samples calcined at 450◦C, the crystal-
lite sizes were 5.9 nm (Lorentzian) and 6.5 nm (Gaussian).
Correspondingly, the microstrain values were recorded as
3.7 × 10−3 and0.91 × 10−3. The relatively high crystal-
lite size and large microstrain indicate incomplete crystal-
lization and lattice distortion due to a high defect density,
primarily caused by insufficient atomic diffusion during den-
sification.The microstrain and crystallite size were observed
to change with calcination temperature. At 650◦C, the val-
ues were2.82 × 10−3 (microstrain, Lorentzian) and 7.5 nm
(crystallite size), while for Gaussian fitting the corresponding
values were0.71 × 10−3 and 8.3 nm. Similar temperature-
dependent grain growth and strain reduction have also been
reported by Chebbiet al. for Mg-based ferrite nanomateri-
als. Contrarily, most studies focus primarily on crystallinity
improvement, whereas the present study correlates crystal-
lite growth and W-H microstrain using both Lorentzian and
Gaussian fittings of the W-H model. At 700◦C, the crystal-
lite sizes increased to approximately 10.0 nm (Lorentzian)
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FIGURE 7. Williamson-Hall analysis of MgO nanoparticles
showing a) average crystallite size versus calcination temperature
and b) microstrain change with calcination temperature based on
Lorentzian and Gaussian profile fittings.

and 11.0 nm (Gaussian), while the microstrain values sig-
nificantly decreased to2.1372 × 10−3 and0.5343 × 10−4,
respectively. The increase in crystallite size and reduction in
strain confirm thermally induced grain coalescence, reduced
defect concentration, and improved atomic ordering. Simi-
lar phenomena have also been reported by Pathaket al. for
nanomaterials [55]. Overall, the W-H analysis shows that
the observed trend is consistent with increased crystallinity
and structural stability of MgO nanoparticles, accompanied
by internal stress reduction and improved lattice ordering.

3.6. Intrinsic surface stress

Intrinsic surface stress reflects the influence of lattice distor-
tion and surface effects on the structural stability of MgO
nanoparticles. Following the reported methodology, the in-
trinsic surface stress was estimated using [56]

FIGURE 8. Variation of intrinsic surface stress of MgO nanoparti-
cles as a function of calcination temperature.

σ =
Y

2γ

(
a0 − a

a0

)
, (16)

whereσ is the intrinsic surface stress,Y is the Young’s mod-
ulus,γ is the Poisson’s ratio,a0 is the strain-free lattice pa-
rameter of bulk MgO, anda is the measured lattice parameter.
The term(a0−a)/a0 represents the relative lattice distortion.
SinceY is expressed in GPa, whileγ and(a0 − a)/a0 are
dimensionless, the calculated intrinsic surface stress is also
expressed in GPa. Negative values ofα indicate compressive
surface stress, whereas positive values correspond to tensile
surface stress.

Figure 8 illustrates the variation of intrinsic surface stress
with calcination temperature. The intrinsic surface stress
becomes progressively more negative with increasing calci-
nation temperature, indicating an increase in the magnitude
of compressive surface stress. At 450◦C, the intrinsic sur-
face stress is approximately−2.30 GPa, which is associated
with incomplete crystallization, limited atomic diffusion, and
a relatively high concentration of lattice defects. Increasing
the calcination temperature to 650◦C results in a larger com-
pressive stress of approximately−15.0 GPa due to improved
lattice ordering and defect reduction. At 700◦C, the intrinsic
surface stress reaches approximately−19.8 GPa, indicating
enhanced grain densification, improved atomic packing, and
greater structural stability. The progressive increase in com-
pressive intrinsic surface stress demonstrates that calcination
promotes lattice stabilization and improves the crystallinity
of MgO nanoparticles [57].

The crystallographic Young’s modulus was estimated
from the intrinsic surface stress and the average microstrain
using

E(hkl) =
σ

〈ε〉 , (15)

where σ is the intrinsic surface stress calculated using
Eq. (16), and〈ε〉 is the average microstrain obtained from the
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FIGURE 9. Variation of crystallographic Young’s modulus of MgO
nanoparticles obtained from Lorentzian and Gaussian Williamson–
Hall analyses.

Williamson–Hall analysis [36]. The calculated values of
E(hkl) for each calcination temperature are presented in
Fig. 9. These values provide information about the elastic
response of the crystallographic planes.

Figure 9 shows the variation of Young’s modulus with
calcination temperature for both Lorentzian and Gaussian
distributions. In both fitting methods, Young’s modulus
increases with increasing calcination temperature, indicat-
ing an enhancement in the elastic stiffness of the MgO
nanoparticles. The Lorentzian values increase from 0.0631
to 0.9191 GPa, whereas the Gaussian values increase from
0.2523 to 3.6766 GPa as the calcination temperature in-
creases from 450 to 700◦C. The higher values obtained from
the Gaussian fitting indicate greater sensitivity to microstruc-
tural evolution. The increase in Young’s modulus is consis-
tent with the improvement in crystallinity, reduction of lat-
tice defects, and enhanced atomic ordering produced by high-
temperature calcination [58].

Table II summarizes the Williamson–Hall parameters of
MgO nanoparticles. Increasing the calcination temperature
results in a gradual increase in crystallite size and a corre-
sponding decrease in lattice microstrain and dislocation den-
sity for both Lorentzian and Gaussian analyses. The reduc-
tion in microstrain and defect density indicates progressive
lattice relaxation and improved structural ordering. These
microstructural changes are accompanied by an increase in

TABLE II. Williamson–Hall parameters of MgO nanoparticles at
different calcination temperatures.

Temp. DL DG εL εG δ

(◦C) (nm) (nm) (×10−3) (×10−3) (×1014 m−2)

450 5.8266 6.4741 3.6433 0.9108 22.256

650 7.5357 8.3730 2.8218 0.7054 13.305

700 9.9681 11.0757 2.1372 0.5343 7.605

the magnitude of compressive intrinsic surface stress and
an increase in Young’s modulus, confirming that high-
temperature calcination enhances the structural stability and
elastic response of MgO nanoparticles [36,38].

3.7. Lattice strain estimation

Strain is the change in dimensions of a sample compared
to its original length and can be either constant or irregu-
lar. Isotropic expansion or contraction of a unit cell, shift-
ing XRD peaks without broadening, is due to uniform strain.
Non-uniform strain, which is caused by defects, deforma-
tion, and incomplete crystallization, shifts atoms in an irreg-
ular manner and causes broadening of XRD peaks [59]. This
strain is often expressed as:

Lattice Strain=
∆a

a0
. (16)

Here, ∆a represents the deviation of the lattice parameter
from the strain-free reference statea0, which is taken as the
equilibrium lattice parameter in the absence of applied stress
or thermal strain. Lattice strain is associated with variations

FIGURE 10. Variation of lattice strain (∆a/a0) with calcination
temperature for MgO nanoparticles.Evolution of the lattice param-
eter deviation (∆a) with calcination temperature.
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in the lattice parameter ratio (∆a/a0). Figure 10 shows that
the lattice strain of MgO nanoparticles decreases progres-
sively with increasing calcination temperature. The higher
strain observed at 450◦C is attributed to incomplete crystal-
lization, smaller crystallite size, and structural disorder due
to lattice defects. Limited thermal energy at lower temper-
atures restricts atomic diffusion and lattice rearrangement,
resulting in increased internal strain. At higher calcination
temperatures (650◦C and 700◦C), enhanced thermal diffu-
sion promotes crystallite growth and lattice relaxation, lead-
ing to reduced microstrain and improved structural ordering
[60,61]. The Williamson-Hall analysis further indicates that
increasing calcination temperature causes a slight increase in
lattice deformation parameter (∆a), suggesting thermally in-
duced lattice expansion and structural stabilization of the cu-
bic MgO phase, as shown in Fig. 10. These results confirm
that elevated calcination temperatures reduce lattice defects
and improve the structural stability of MgO nanoparticles.

3.8. Dislocation density

Dislocation density refers to the total length of dislocation
lines per unit volume and is an important parameter for defin-
ing structural imperfections in nanocrystalline materials. A
high dislocation density indicates significant internal strain,
lattice distortion, and low crystallinity. A reduced disloca-
tion density indicates improved crystallinity, better structural
ordering, and reduced lattice defects. The dislocation density
(ρ) can be calculated from the Williamson-Smallman rela-
tion:

ρ =
15 ε

aD
, (17)

where ε represents the microstrain obtained from
Williamson-Hall analysis,a denotes the lattice parameter,
andD signifies the crystallite size. The equation incorpo-
rates both strain and crystallite size, thus enabling a more
precise estimation of the defect density in strained nanoma-
terials.

As shown in Fig. 11, dislocation density for MgO
nanoparticles decreases with an increase in calcination tem-
perature and is observed for both Lorentzian and Gaussian
distributions. Dislocation density is highest at 450◦C ow-
ing to the small crystallite size, high internal strain, and
incomplete lattice ordering resulting from low-temperature
calcination [62]. Calcination temperatures of 650◦C and
700 ◦C promote greater atomic ordering and grain growth,
which leads to reduced lattice distortion and consequently
a decrease in dislocation density, indicating improved struc-
tural and crystalline quality of MgO nanoparticles. This also
confirms enhanced structural stability at higher temperatures.
The Lorentzian profile shows higher dislocation density than
the Gaussian profile, indicating that Lorentzian fitting corre-
sponds to higher strain and more pronounced peak broaden-
ing compared to Gaussian fitting. A similar decrease in dislo-
cation density and lattice defects with increasing calcination
temperature has been reported for Cr-substituted Mg-Co

FIGURE 11. Variation of dislocation density (ρ) with calcination
temperature for MgO nanoparticles, calculated using Lorentzian
and Gaussian profiles via the Williamson-Smallman method.

ferrites by Chebbiet al. [25]. This was attributed to grain
growth, strain relaxation, and improved structural order-
ing at higher temperatures. Jdeyet al. [28] reported sim-
ilar behavior in Mg0.6Cu0.4FeCrO4 ferrites, while Harrabi
et al. [37] demonstrated improved lattice stability and en-
hanced grain boundary coherence in Mg-Co-Cu ferrites at
elevated calcination temperatures.Most of these studies fo-
cused on substituted ferrite systems with complex magnetic,
electrical, and cation distribution effects, making interpre-
tation of pure strain-driven systems more challenging. In
contrast, the present work focuses on structurally simple
cubic MgO nanoparticles, analyzing thermally induced de-
fect evolution using comparative Lorentzian and Gaussian
Williamson-Hall analysis [63]. The study demonstrates that
increasing calcination temperature reduces lattice defects, en-
hances structural ordering, and improves the microstructural
stability of MgO nanoparticles. The comparative analysis
shows that present MgO nanoparticles and previously re-
ported Mg-based ferrite systems have a lot in common. In
those systems, higher calcination temperatures resulted in
larger crystallite sizes, smaller lattice strains, and fewer de-
fects due to thermally activated diffusion. Unlike ferrite ma-
terials that have complex structures and magnetic and cation
distribution, our study focuses on MgO cubic nanoparticles,
which have simpler structures. Our research also compares
Lorentzian and Gaussian Williamson-Hall methods to evalu-
ate thermally induced size-strain evolution.

4. Conclusion

This paper investigates the synthesis and post-synthesis char-
acterization of MgO nanoparticles. MgO nanoparticles were
synthesized via the co-precipitation method, followed by a
post-synthesis morphology control procedure. The structural
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and microstructural changes of the calcined samples were an-
alyzed using X-ray diffraction (XRD), confirming the for-
mation of a cubic single-phase MgO structure.Peak broad-
ening observed in the XRD patterns indicates the presence
of nanoscale crystallites, which were quantitatively analyzed
using the Williamson-Hall (W-H) method. The W-H analysis
reveals that calcination temperature significantly influences
crystallite size and leads to a reduction in lattice micros-
train, dislocation density, and structural defects through en-
hanced grain growth and strain relaxation mechanisms.Post-
calcination XRD analysis at room temperature reveals that
the crystallite size increases from 5–6 nm at 450◦C to 10–
11 nm at 700◦C. Improved atomic ordering at elevated tem-
peratures is further evidenced by shifts in XRD peak posi-

tions, indicating an increase in lattice parameter and unit-
cell volume. Further analysis using Lorentzian and Gaussian
peak fitting confirms these structural changes and supports
the observed enhancement in crystallographic ordering. This
study establishes a clear relationship between calcination
temperature and crystallite size, defect concentration, and
structural stability of MgO nanoparticles.The Williamson-
Hall method is highlighted as a powerful tool for evaluat-
ing microstructural transformations in MgO nanomaterials.
Overall, the results demonstrate that controlled calcination is
an effective approach for tailoring the crystallite size, lattice
strain, defect concentration, and structural stability of MgO
nanoparticles for advanced functional applications.
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