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ABSTRACT 

Determining the crystallite size of nanoparticles represents a significant challenge due to the limitations 

associated with using a single estimation method. This study addresses this challenge by examining the 

structural properties of synthesized hematite (Fe₂O₃) nanoparticles through a combination of experimental and 

simulated X-ray diffraction analyzes (XRD). Using VESTA software, a simulated XRD pattern was created 

based on precise crystal structure details from a CIF file, accurately confirming the high purity and crystallinity 

of the synthesized hematite nanoparticles. Various Williamson-Hall models, including the Uniform 

Deformation Model (UDM), the Uniform Stress Deformation Model (USDM), and the Uniform Stress Energy 

Density Model (USEDM), were used to estimate crystallite size and microstrain. Comparing the results of both 

experimental and simulated data revealed slight variations attributed to differences in measurement techniques, 

sample preparation, and material properties. Furthermore, energy dispersive X-ray (EDX) analysis confirmed 

the elemental composition of the synthesized nanoparticles, while transmission electron microscopy (TEM) 

and field emission scanning electron microscopy (FESEM) provided further validation of the particle size. 

This study provides a comprehensive investigation of the structural properties of hematite nanoparticles 

(Fe₂O₃) and highlights the importance of integrating multiple analytical techniques and simulation methods to 

improve the precision and reliability of crystallite size estimation.  
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INTRODUCTION 

In recent years, the low combustion synthesis technique has 

emerged as a highly effective method for producing a wide 

range of simple and mixed metal oxide nanomaterials. Among 

these, the auto combustion method has proven particularly 

successful in fabricating diverse structures such as 

perovskites, ferrites, aluminates, silicates, and zirconia. This 

method relies on a self-sustaining ignition reaction between 

an oxidizer and a fuel in an aqueous solution, which is 

activated at relatively low temperatures (Prasad et al., 2018). 

The oxidizer-to-fuel molar ratio (O/F) is meticulously 

calculated based on the total oxidizing and reducing valencies 

of the metal nitrate and fuel components (e.g., Fe = +3, O = 

−2, N = 0, H = +1, and C = +4). Achieving the ideal (O:F) 

ratio is essential for ensuring efficient combustion synthesis, 

leading to the production of the desired metal oxides with high 

purity. The auto combustion synthesis method is widely 

valued for its simplicity, rapid synthesis, short processing 

time, and low energy requirements (Fang et al., 2020). 

Additionally, it is considered environmentally friendly due to 

its benign nature. This technique enables the fabrication of 

highly pure, uniformly structured, and crystalline 

nanoparticles, with versatile shapes and sizes that are suitable 

for various applications in nanotechnology. The method's 

ability to produce materials with precise control over their 

properties makes it an attractive option for researchers and 

industries alike, catering to the growing demand for advanced 

nanomaterials. (Pawar et al., 2015) 

Hematite nanoparticles, specifically Fe₂O₃, have gained 

significant attention as versatile nanomaterials with broad 

applicability in various scientific and technical fields. These 

nanoparticles possess several advantageous characteristics, 

including thermodynamic stability, cost-effectiveness, non-

toxicity, and remarkable magnetic, electronic, photonic, and 

optical properties (Liu et al., 2015). Due to these attributes, 

Fe₂O₃ nanoparticles have been effectively utilized in a wide 

range of applications, such as gas sensors, biomedical 

devices, photoanodes, paints, catalysis, building materials, 

and Li-ion batteries. Their unique combination of properties 

makes them particularly valuable for advancing technologies 

in these diverse areas (Devesa et al., 2021a) . 

Among the methodologies available for determining 

crystallite size, Scherrer's method is a well-established 

technique that uses X-ray diffraction (XRD) patterns to 

estimate the average size of crystallites based on the width of 

diffraction peaks. However, it is important to note that 

Scherrer's formula only provides a lower limit estimation of 

crystallite size, as it does not account for peak broadening 

contributions from factors such as inhomogeneous strain and 

instrumental effects. In practice, both crystallite size and 

lattice strain contribute to the broadening of X-ray diffraction 

peaks in nanoparticles. This peak broadening, largely due to 

lattice strain, is influenced by the significant volume of grain 

boundaries present in nanoparticles, which can affect the 

accurate determination of crystallite size. Therefore, it is 

essential to perform strain calculations to obtain precise 

measurements of crystallite size and to understand the impact 

of strain on the properties of nanomaterials (Mote et al., 

2012). 

In contrast to Scherrer's method, X-ray diffraction peak 

profile analysis (XPPA) considers peak broadening resulting 

from inhomogeneous strain and instrumental effects. This 

comprehensive analytical approach is widely used for 

determining various parameters in nanocrystalline materials, 
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including grain size, lattice distortion, twinning, stacking fault 

probabilities, as well as long-range and root mean square 

stresses. Williamson-Hall models, in particular, have been 

employed to estimate both crystallite size and lattice strain by 

analysing the broadening of X-ray peaks, offering a more 

nuanced and accurate assessment of the structural properties 

of nanoparticles (Chandekar & Kant, 2018). 

The primary objective of this research is to accurately 

determine the crystallite size of nanocrystalline hematite 

(Fe₂O₃) nanoparticles through a comprehensive analysis of 

powder X-ray diffraction (XRD) data. In addition to 

examining experimental XRD data, the study will employ 

VESTA software to simulate the XRD patterns, enabling a 

comparison between simulated and experimental results to 

validate the accuracy of the calculated crystallite size. 

Furthermore, the research will extend its analysis by 

comparing the crystallite size determined from XRD data with 

particle size distributions obtained from Transmission 

Electron Microscopy (TEM) and Field Emission Scanning 

Electron Microscopy (FESEM) analyses. This multifaceted 

approach ensures robust validation of the crystallite size and 

provides a deeper understanding of the structural properties of 

hematite nanoparticles. By integrating these diverse 

methodologies, the study aims to offer valuable insights into 

the structural characterization of nanomaterials, thereby 

advancing the knowledge base in the field of nanomaterial 

synthesis and characterization. 

 

MATERIALS AND METHODS 

Materials 

The materials used in the present research include iron (III) 

nitrate hydrate Fe (NO3)3·9H2O (MW: 404.00; CAS: 7782- 

61-8), anhydrous citric acid (C6H8O7.H2O) (MW: 192.12; 

CAS: 77-92-9), as starting materials and were of analytical 

grade. Distilled water was used to prepare aqueous solutions 

during the whole experiment.  

 

Synthesis of Hematite (Fe2O3) using Auto-Combustion 

Technique 

Hematite (Fe₂O₃) nanoparticles were synthesized using a 

straightforward nitrate-citrate sol-gel auto-combustion 

method. Iron (III) nitrate hydrate (Fe(NO₃)₃·9H₂O) and citric 

acid (C₆H₈O₇·H₂O) served as the starting materials, with 

distilled water and ethanol acting as the solvents. Initially, the 

precise amounts of the starting precursors were carefully 

measured using a precision balance. Iron (III) nitrate was then 

dissolved in 50 ml of distilled water, and the solution was 

magnetically stirred for 20 minutes to ensure thorough 

mixing. To enhance the reduction process, an appropriate 

amount of ethanol was added to the solution. Following this, 

a small amount of ammonia solution (NH₄OH) was gradually 

added dropwise, with continuous stirring at room 

temperature, to adjust the pH of the solution to 7. After the pH 

adjustment, citric acid was introduced into the solution in a 

stoichiometric ratio of 1:2 relative to the metal salt. The 

solution was then heated to 80°C for 2 hours while being 

continuously stirred with a magnetic stirrer, leading to the 

formation of a homogeneous mixture. This mixture was 

further heated to 110°C, converting the sol into a red gel. The 

temperature was subsequently raised to 250°C to initiate the 

combustion process. The resulting powdery residue was 

subjected to a sintering process at 550°C for 5 hours to 

remove any remaining organic components and to produce 

dried hematite (Fe₂O₃) nanoparticles. 

Simulation of Hematite (Fe2O3) using Vesta Software 

In this study, the simulation of X-ray diffraction (XRD) 

patterns for hematite nanoparticles was thoroughly conducted 

using VESTA software. The procedure began with the 

download and installation of VESTA, followed by obtaining 

a CIF (Crystallographic Information File) containing precise 

crystal structure details for hematite nanoparticles. This CIF 

file was then imported into VESTA, where simulation 

parameters were configured, including the specification of the 

X-ray wavelength and adjustments of other relevant settings 

to align with the research objectives. The XRD simulation 

process was subsequently initiated, resulting in the generation 

of a simulated XRD pattern based on the specified parameters 

and the crystal structure of the hematite nanoparticles. The 

analysis of the simulated pattern allowed for the identification 

of peaks corresponding to the crystallographic planes of 

hematite. A comparison between the simulated pattern and 

experimental data was carried out to validate the results, with 

any necessary adjustments to parameters made to enhance 

accuracy. Once the simulation was complete, the XRD pattern 

was saved, and the data were exported for further analysis and 

documentation. This process provided a comprehensive 

overview of the simulated structural properties of hematite’s 

crystallographic structure, contributing valuable insights into 

the material's characteristics. 

 

Characterization 

The X-ray diffraction (XRD) patterns were acquired using an 

X-ray diffractometer (X'pert Pro, Panalytical) equipped with 

CuKα radiation (λ = 0.154187 nm) over a 2θ angle range of 

20° to 80°. The collected XRD patterns were analyzed using 

X’pert High Score Plus software (Version 3.0e, 3.0.5). The 

surface properties of the prepared samples were analyzed 

using the ScanAsyst peak force tapping mode on a Bruker 

Dimension Edge Atomic Force Microscopy (AFM). The 

morphology of the samples was further examined using field 

emission scanning electron microscopy (FESEM) (FEI Nova 

SEM230) at a working distance of 5.2 mm and an accelerating 

voltage of 10.0 kV. The elemental composition of the samples 

was characterized using an energy dispersive X-ray (EDX) 

spectrometer (7353, Oxford Instruments). 

 

RESULTS AND DISCUSSION 

X-ray Diffraction (XRD) 

Figure 1 presents the X-ray diffraction (XRD) profile of the 

synthesized hematite nanoparticles, revealing distinct peaks at 

specific angles: 24.12°, 33.14°, 35.60°, 40.85°, 49.45°, 54.0°, 

57.5°, 62.44°, 64.00°, 72.86°, and 75.35°. These peaks 

correspond to the crystal planes (111), (220), (311), (222), 

(400), (422), (511), (440), (214), (300), (1010), and (220), 

respectively. Notably, these peaks closely match the stick 

pattern of hexagonal hematite nanoparticles listed in the 

International Crystallographic Diffraction Data (ICDD) under 

reference number 00-024-0072. The absence of impurity 

peaks in the diffractogram indicates the high purity of the 

synthesized particles. Moreover, the sharpness of the 

diffraction peaks suggests that the particles are highly 

crystalline. Utilizing this diffraction profile, we can proceed 

to calculate essential parameters such as crystallite size, 

intrinsic strain, and stress of the nanoparticles. These 

calculations will be conducted using various models, as 

described in the following sections, to ensure a 

comprehensive analysis of the structural properties of the 

synthesized hematite nanoparticles. 
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Figure 1: (a) Experimental data (b) Simulated data 

 

Scherer’s Method  

The Scherrer method, also known as the Scherrer equation or 

Scherrer formula, is widely used for estimating crystallite size 

in a material based on the broadening of X-ray diffraction 

peaks. This method provides valuable insight into the average 

size of the crystalline domains present in a sample (Shitu et 

al., 2021). The Scherrer equation is derived from the basic 

principles of X-ray diffraction and exploits the peak 

broadening that results from the finite size of crystalline 

domains. According to this Equation, the crystallite size (D) 

is related to the peak broadening (β), the X-ray wavelength 

(λ), the Bragg angle (θ), and the dimensionless form factor 

(K)(Yao et al., 2017) : 

D =
kλ

𝛽hklcosθ
     (1) 

X-ray wavelength, k (often considered to be 0.9), 𝛽hkl is the 

FWHM (full width at half maximum) of the diffraction peaks, 

and θ is the Bragg's angle of reflection. 

Scherrer's method involves X-ray diffraction (XRD) 

measurements on Fe2O3 nanoparticles. The resulting XRD 

patterns indicate the positions and intensities of the diffraction 

peaks, which correlate with the crystal planes in the material. 

Since the crystalline domains have finite sizes, the peaks show 

broadening due to the size effect (Kumar et al., 2020). Figure 

2 illustrates the use of the Scherer method to estimate the 

crystallite size and microstrain Fe2O3 nanoparticles of both 

experimental and simulated data. The calculated crystallite 

sizes and microstrain were determined to be 43.33 and 46.06, 

and 2.6×10-3 and 1.75×10-3, respectively, corresponding to 

experimental and simulated data for Fe2O3 nanoparticles. It is 

noted that the experimental crystallite size and microstrain of 

Fe2O3 nanoparticles are marginally smaller than the simulated 

results, possibly due to factors such as differences in sample 

preparation methods, surface effects, and the presence of 

defects not accurately accounted for in simulations 

(Maniammal et al., 2017). Additionally, variations in 

experimental conditions, including synthesis techniques and 

environmental factors, may introduce complexities impacting 

the measured parameters. Moreover, limitations in 

experimental equipment or data analysis techniques could 

also contribute to disparities between experimental and 

simulated outcomes (Devesa et al., 2021b). 

 
Figure 2: Fe2O3 nanoparticles crystallite size and microstrain plots using Scherer’s method (a) experimental data (b) simulated 

data 

 

Williamson-Hall Method (WHM) 

The Scherrer equation, which is used to describe the influence 

of crystallite size on X-ray diffraction (XRD) peak 

broadening, is limited in its ability to assess intrinsic strain 

caused by factors such as point defects, grain boundaries, 

triple junctions, and stacking faults within nanocrystals 

(Thandavan et al., 2015). Unlike the Scherrer equation, the 

Williamson-Hall method considers the effect of strain-

induced XRD peak broadening and is capable of evaluating 

both crystal size and intrinsic strain. Whereas the Scherrer 
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equation relies on 1/cosθ dependence, the Williamson-Hall 

method deviates from this by incorporating tanθ term to 

account for strain effects (Al-Tabbakh et al., 2019). This 

fundamental difference allows the Williamson-Hall method 

to separate the contributions of microstrain and crystallite size 

to peak broadening. The accuracy of this method, however, 

depends on several factors, including the quality of the XRD 

pattern, the shape factor, and assumptions made about the 

crystal structure (Monshi et al., 2012). The overall broadening 

of XRD peaks, resulting from the combined effects of 

crystallite size and intrinsic strain in nanocrystals, can be 

represented by the following expression (Bodke et al., 2018): 

𝛽hkl=  (𝛽size- β
strain

)     (2) 

Here, 𝛽size β
Strain

the XRD full width at half maximum 

(FWHM) is due to the microstrain and size of the 

nanoparticle. The modified Williamson-Hall method (W-H) 

encompasses three models: Uniform Deformation Model 

(UDM), Uniform Stress Deformation Model (USDM), and 

Uniform Stress Energy Density Model (UDEDM). This 

research applied all these models to compute the mean 

crystallite size and microstrain of Fe2O3 nanoparticles 

synthesized using the microwave-assisted hydrothermal 

technique. 

 

Uniform Deformation Model (UDM) 

The Williamson-Hall technique, commonly used to determine 

crystallite dimensions and lattice distortions in materials from 

X-ray diffraction (XRD) data, can be extended through the 

inclusion of the Uniform Deformation Model (UDM). This 

extension allows for a more comprehensive analysis by 

considering both size-related variations and strain-induced 

effects on peak broadening (Kong et al., 2019). The UDM 

posits that lattice strain and crystallite size contribute 

independently to the broadening observed in XRD peaks. This 

model accounts for the effects of microstructural 

imperfections and lattice distortions within the crystalline 

domains. Peak broadening due to size variation arises from 

the finite dimensions of the crystalline regions, while stress-

induced broadening results from distortions or microstrain 

within the material (Zhou et al., 2018). The broadening of X-

ray diffraction peaks due to inherent strain, which increases 

the line widths, can be mathematically expressed as follows 

(Nath et al., 2020): 

𝛽strain=  4εsinθ     (3) 

The overall XRD peak broadening resulting from the 

combined influences of size and strain effects across all 

diffraction planes (hkl) could be expressed mathematically as: 

𝛽hkl= (𝛽size- 𝛽strain)   (4) 

Where𝛽hkl is the full width at half maximum (FWHM), which 

characterizes the extension of the diffraction planes (hkl) 

within the X-ray diffraction spectra (XRD). This parameter 

applies to either all discernible peaks or particular chosen 

ones. A while 𝛽sizecould be expressed as: 

𝛽size= 
kλ

𝐷
.

1

cosθ
 ,     (5) 

and 

𝛽strain= 4εsinθ.      (6) 

The expression for UDM can be expressed as follows:   

𝛽hkl= 
kλ

𝐷
.

1

cosθ
+ 4εsinθ     (7) 

Rearranging Equation (00) yields: 

𝛽hklcosθ = 
kλ

𝐷
+ 4εsinθ    (9) 

Equation (9) represents a linear equation based on the 

Uniform Deformation Model (UDM). Figure 3 displays the 

plots derived from Equation (9), corresponding to the main 

diffraction peaks of Fe₂O₃ nanoparticles. The intercept and 

slope of the linearly fitted plot provide critical information 

about the inherent strain and mean crystallite dimensions of 

Fe₂O₃ nanoparticles synthesized under different irradiation 

durations. The occurrence of lattice strain is primarily 

attributed to the expansion or contraction of crystal lattices 

within nanocrystals, a phenomenon largely influenced by the 

size confinement effect. This effect leads to the expansion or 

contraction of the crystal lattices, and the restriction in size 

also introduces imperfections within the lattice structure, 

further contributing to the lattice strain (Ilyas et al., 2019). 

Figure 3 illustrates the uniform deformation model plots for 

Fe₂O₃ nanoparticles. By applying the uniform deformation 

model, the mean crystallite sizes and microstrain values of 

Fe₂O₃ nanoparticles for both experimental and simulated data 

were determined to be 49.70 nm and 57.75 nm, with 

corresponding microstrain values of 1.61×10⁻³ and 1.55×10⁻³, 

respectively. It is noteworthy that the crystallite size and 

microstrain values obtained using the UDM model are slightly 

larger than those obtained using Scherrer's method. This 

difference highlights the impact of considering lattice strain 

and microstructural imperfections, which are accounted for in 

the UDM but not in the simpler Scherrer’s method (Garg et 

al., 2018). 

 

 
Figure 3: Fe2O3 nanoparticles crystallite size and microstrain plots using uniform deformation model (UDM) (a) experimental 

data (b) simulated data 
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Uniform Stress Deformation Model (USDM) 

To address the presence of anisotropic stress, the Williamson-

Hall equation (W-H) has been revised, as the assumption of 

uniformity and isotropy does not hold universally. This 

modified approach is known as the Uniform Stress 

Deformation Model (USDM). Within the USDM framework, 

strain is considered to be isotropic, while also accounting for 

minor microstrain. In this model, Hooke's Law establishes a 

relationship between stress and strain within the crystal 

lattice, expressed as σ = Eε. Where σ represents stress, ε 

denotes anisotropic microstrain, and E is Young's 

modulus(Irfan et al., 2018) . This equation indicates that the 

stress applied to the crystal is directly proportional to the 

strain experienced, with EEE serving as the constant of 

proportionality. However, as the stress increases, the linear 

correlation may begin to deviate. The adapted form of the 

Williamson-Hall equation accommodates the impact of stress 

on all lattice planes (hkl) and can be expressed as follows (Akl 

& Hassanien, 2014): 

𝛽hklcosθ = 
kλ

𝐷
+ 4σ

sinθ

𝐸hkl
      (9) 

Equation (9) is recognized as the uniform stress deformation 

model (USDM). By plotting a graph with (𝛽hklcosθ) the y-

axis and 4
sinθ

𝐸hkl
 the x-axis, the uniform stress and the crystallite 

size (D) can be extracted from the slope and intercept of the 

plotted graph, as revealed in Figure (8). Moreover, the 

intrinsic strain can be calculated by considering the strain 

value and the elastic modulus of Fe2O3 nanoparticles across 

various crystallographic orientations. Within hexagonal 

structures, Young's modulus can be determined using the 

formula given (Nath et al., 2020): 

𝐸hkl =
[ℎ2+

(h+2k)2

3
+ (

al

𝑐
)

2
]

2

𝑆11(ℎ2+
(h+2k)2

3
)

2

+ S33(
al

𝑐
)

4
+( 2S13+S44)(ℎ2+

(h+2k)2

3
)(

al

𝑐
)

2

⬚⬚⬚

(10) 

The formula (Equation (10)) integrates hkl indices 

representing X-ray diffraction planes, and 'a' and 'c' symbolize 

the lattice parameters in Fe2O3 nanoparticle’s hexagonal 

structure (these values are obtainable from the phase file using 

X-pert High Score software). Elastic compliances (S11, S13, 

S33, and S44) of Fe2O3 nanoparticles are derived from elastic 

stiffness constants (C11, C13, C33, and C44). These compliances 

are represented as follows (Mote et al., 2012): 

𝑆11= 
1

2
[

𝐶33

𝐶33(𝐶11+ C12) - 2(𝐶13)2
 + 

1

(𝐶11- C12)
]  (11) 

𝑆13= [
-C13

𝐶33(𝐶11+ C12) - 2(𝐶13)2
]     (12) 

𝑆33= [
𝐶11+ C12

𝐶33(𝐶11+ C12) - 2(𝐶13)2
]   (13) 

𝑆44= 
1

𝐶44
       (14) 

For the hexagonal structure, the modulus of elasticity (Y) is 

defined by Equation (24), where the elastic constants for zinc 

oxide are where S11= 2.234 × 10-12 m2 N-1, S33= 1.425×10-12 

m2N-1, S13 = 2.329×10-12 m2N-1, S44 = 0.782 ×10-12 m2N-1. The 

modulus of elasticity (Y) of Fe2O3 nanoparticles was 

calculated to be 173 GPa, which is in close agreement with 

the modulus of elasticity of Fe₂O₃, measured at 176 GPa. 

Using Equation (9), a plot of (𝛽hklcosθ) against 4
sinθ

𝐸hkl
is shown 

in Figure 8. From the gradient and intercept of the linear plot, 

the stress and mean crystallite size of Fe₂O₃ nanoparticles 

synthesized at different irradiation times were determined. 

The average particle size was estimated to be 46.02 nm. This 

result is consistent with the average crystallite size obtained 

using Scherrer's method from both experimental and 

simulated XRD data, confirming the reliability of the 

measurements. 

 

 
Figure 4: Fe2O3 nanoparticles crystallite size and microstrain plots using uniform stress deformation model (USDM) (a) 

experimental data (b) simulated data 

 

Uniform Stress Energy Density Deformation Model 

(USEDM) 

The Uniform Stress Energy Density Deformation Model 

(USEDM) is an advanced adaptation of the Williamson-Hall 

(W-H) method, employed for determining nanoparticle 

crystallite size from X-ray diffraction (XRD) data. The 

USEDM model assumes an even distribution of strain within 

the crystal lattice and takes into account both crystallite size 

and the inherent stress that contributes to the broadening of 

XRD peaks (Augustin, 2016). Additionally, this model 

incorporates the concept of strain energy density, which 

provides a measure of the energy required to induce 

deformation within the crystal structure. The USEDM model 

has proven to be effective not only in approximating the 

dimensions of crystallites in nanoparticles through XRD 

analysis but also in evaluating energy density, stress, and 

strain parameters within these materials. This approach offers 

a novel and precise method for calculating stress and strain 

values, making it highly valuable in the context of materials 

engineering and development. (Science-poland, 2020) A 

unique aspect of the USEDM is its integration of the crystal's 

deformation energy density, a key parameter that relates to the 
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modulus of elasticity (E), which is critical in engineering 

applications. Unlike the Uniform Deformation Model (UDM) 

and the Uniform Stress Deformation Model (USDM), the 

USEDM model uniquely considers the uniform distribution 

of stress anisotropy across all diffraction planes, which stems 

from the intrinsic energy density of the crystal (Sivakami et 

al., 2016). 

According to Hooke's Law, the relationship between energy 

density (u) and strain (ε) can be expressed as: 

u = ε2 𝐸hkl

2
     (15) 

Furthermore, it is established that stress maintains a linear 

relationship with strain. Consequently, strain as a function of 

energy density can be represented in the following: 

ε = 𝜎√
2u

𝐸hkl
     (16) 

Where 𝐸hklis Young's modulus (modulus of elasticity) 

applicable to all crystallographic directions. Now, upon 

substituting Equation (14) into Equation (9) provided earlier 

and rearranging, we arrive at: 

𝛽hklcosθ =
kλ

𝐷
+4𝜎sinθ√

2u

𝐸hkl
     (17) 

Equation (17) is in the form of a linear equation and is referred 

to as the Uniform Strain Energy Density (UDEDM) model. 

Hence, as illustrated in Figure 5, a linear graph is generated 

when plotting a graph (𝛽hklcosθ) on the y-axis and 

(4sinθ√
2u

𝐸hkl
 ) the x-axis. By analyzing the slope and intercept 

of the linear fit in this graph, the energy density (u) and 

average crystallite size (D) of Fe₂O₃ nanoparticles were 

determined. The intersections of the straight lines provided 

estimated mean crystallite sizes of 48.65 nm and 63.02 nm for 

the experimental and simulated Fe₂O₃ nanoparticles, 

respectively. The slopes of these lines correspond to energy 

density values of 4.03 KJ/m³ and 1.36 KJ/m³, respectively. It 

is also noteworthy that the crystallite sizes obtained using the 

USEDM are slightly larger than those obtained using 

Scherrer's method. This difference highlights the impact of 

considering energy density and strain in the calculation, 

which can lead to a more comprehensive understanding of the 

material's structural properties (Abed et al., 2019). 

 

 
Figure 5: Fe2O3 nanoparticles crystallite size and microstrain plots using uniform stress energy deformation model (USEDM) 

(a) experimental data (b) simulated data 

 

Field Emission Scanning Electron Microscopy (FESEM) 

Figure 6(a) presents a field emission scanning electron 

microscopy (FESEM) image that reveals the morphology of 

the synthesized nanoparticles, characterized by a densely 

packed arrangement of spherical particles. The Field 

Emission Scanning Electron Microscopy (FESEM) image 

highlights the uniformity of the nanoparticles, showing a 

consistent size and shape, which indicates a well-controlled 

synthesis process. Complementing this morphological 

analysis, Figure 6(b) displays a histogram that represents the 

particle size distribution derived from the FESEM data. The 

average particle size is determined to be 46.65 nm, which 

closely aligns with the crystallite size obtained through both 

the Williamson-Hall analysis and the Scherrer method. The 

Williamson-Hall models, which account for both size and 

strain effects on X-ray diffraction (XRD) peak broadening, 

provide a crystallite size estimate that closely matches the 

particle size observed in FESEM. Similarly, the Scherrer 

method, which directly relates XRD peak broadening to 

crystallite size, corroborates this finding. The consistency in 

particle size across these different characterization methods 

suggests that the synthesis process was highly effective in 

controlling the growth of the nanoparticles, resulting in a 

uniform and well-defined product (Prabhu & Rao, 2014). 

Such uniformity is essential for applications that require 

precise control over particle size and crystallinity. The close 

agreement between the average particle size and the crystallite 

size across multiple analytical techniques underscores the 

reliability and effectiveness of the synthesis method 

employed, highlighting its potential for producing high-

quality nanomaterials suitable for advanced technological 

applications (Abd El-Sadek et al., 2019). 
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Figure 6: (a) FESEM image (b) size distribution histogram 

 

Transmission Electron Microscopy (TEM) 

Figure 7(a) displays a Transmission Electron Microscopy 

(TEM) image of the nanoparticles, revealing irregular shapes 

and a range of particle sizes. The scale bar in the image 

confirms that the nanoparticles are within the nanometre 

scale, with dimensions below 100 nm. Figure 7(b) 

complements this visual analysis by presenting a histogram of 

the particle size distribution obtained from the TEM analysis. 

The distribution indicates a range of particle sizes, with the 

average size estimated to be 48.23 nm. This average particle 

size is consistent with the crystallite size calculated using 

various Williamson-Hall models, as well as the size estimated 

using the Scherrer method. The agreement between the 

particle size determined by TEM and the crystallite size 

obtained from X-ray diffraction (XRD) methods underscores 

the reliability and consistency of the synthesis and 

characterization processes used in this study. The 

Williamson-Hall analysis, which accounts for both strain and 

size effects on XRD peak broadening, typically provides an 

estimate of crystallite size that aligns well with the direct 

measurements from TEM. Similarly, the Scherrer method, 

which correlates the broadening of diffraction peaks to 

crystallite size, corroborates the average size of 48.23 nm 

observed in the TEM analysis. This consistency across 

different analytical techniques suggests that the nanoparticles 

possess a uniform and well-defined size, highlighting the 

effectiveness of the synthesis method in producing high-

quality nanoparticles suitable for various applications (Rajesh 

Kumar & Hymavathi, 2017). 

 

 
Figure 7: (a) Transmission Electron Microscopy (TEM) image (b) Histogram of the particle size distribution 

 

CONCLUSION 

This research investigates the structural properties of 

synthesized hematite nanoparticles (Fe₂O₃) using 

experimental and simulated X-ray diffraction (XRD) 

techniques. The study demonstrated the high purity and 

crystallinity of the nanoparticles, supported by the close 

agreement between experimental and simulated XRD 

patterns. Crystallite size and microstrain were estimated using 

the Scherrer method, the size strain plot method, and the 

Halder-Wagner method. Some discrepancies were observed 

between the experimental and simulated data, which are likely 

due to inherent differences in measurement techniques and 

material properties. Further validation of the composition of 

the nanoparticles was performed by energy dispersive X-ray 

analysis (EDX), while transmission electron microscopy 

(TEM) confirmed the particle size estimates. This study 
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provides comprehensive insights into the structural properties 

of hematite nanoparticles and emphasizes the importance of 

using multiple analytical techniques and simulation methods 

to accurately estimate crystallite size and microstrain. By 

integrating experimental data with simulation results, the 

research provides a comprehensive understanding of the 

composition and structural properties of Fe₂O₃ nanoparticles. 

The results contribute significantly to the field of 

nanomaterials research and lay the foundation for future 

studies and possible applications in various technology areas. 
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