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Abstract

This study explores the microstructural, morphological, and optical properties of Fe,O3 nanoparticles
synthesized from the pyrolysis of ZIF-8 like Fe-2-methyl imidazole (MIM) metal-organic frameworks
(MOFs). Using X-ray diffraction (XRD) profile analysis methods, including the modified Scherrer,
Williamson—Hall (W-H), size strain plot, and Halder-Wagner methods, the impact of annealing
temperature on the microstructural parameters and crystal defects of the obtained Fe,O5
nanoparticles was investigated. The nanoparticles exhibited high crystallinity and a rhombohedral
a-Fe, 05 phase. Morphological analysis through transmission electron microscopy (TEM) revealed
distinct structural features, while UV—vis spectroscopy was employed to examine their optical
properties. The results indicated that higher annealing temperatures enhance crystallinity, reduce
defect density, and improve atomic mobility. This comprehensive analysis provides valuable insights
into the synthesis-structure—property relationships of Fe,O5 nanoparticles, highlighting their
potential applications in applications such as gas sensing and photocatalysis.

1. Introduction

Hematite (a-Fe,03) is a widely studied iron oxide phase that has attracted significant research interest because of
its interesting physical and environmental properties, such as non-toxicity, biocompatibility, and remarkable
stability under ambient conditions [1, 2]. The compound crystallizes in the rhombohedral crystal system, and
space group, R-3c. Itis a n-type semiconductor, with a band gap energy of ~2.2 eV. This characteristic allows
hematite to be utilized in fields such as photocatalysis [3, 4], lithium-ion batteries [5], gas sensors [6], solar cells
[7], pigments [8], and rechargeable Fe/air batteries [9, 10].

Several techniques have been developed to produce a-Fe,O3 nanoparticles, such as sol-gel [11-13], thermal
decomposition [14, 15], ionic liquid-assisted synthesis [ 16], hydrothermal method [4, 17, 18], co-precipitation
method [19-21], and polyol [9, 10]. Recently, the use of metal-organic frameworks for the synthesis of metal
oxides has gained attention as it helps to mitigate the problem of surface oxidation faced by various chemical
methods [22]. Thermolysis/pyrolysis of MOFs provides a facile and scalable route to the synthesis of functional
metal oxides with unique physicochemical and electronic properties [23-25]. Fe(MOF) derived a-Fe,O3 have
been explored as functional materials in recent times in catalysis [26], adsorption [24], and gas sensing [25]. The
use of MOFs as precursors for metal oxides leverages the unique structural and chemical properties of MOFs to
generate materials with improved functionality and performance [22, 27-30]. Therefore, by leveraging the
unique properties of Fe(MOF), a-Fe, O3 with tailored structure and different functional composition can be
obtained, creating a facile route for obtaining materials with enhanced properties and suitability for various
applications [26].

© 2025 The Author(s). Published by IOP Publishing Ltd
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In nanocrystals, significant intrinsic strains are observed due to size confinement. The source of this lattice
strain could be stacking faults, dislocation density, grain boundary junction, or point defect [31]. This intrinsic
strain could be modulated through different synthesis factors such as annealing temperature, pH, and precursor
type [32]. The XRD peak profile provides a significant route to evaluate the intrinsic strain in a crystal from the
broadening of XRD peaks, which is a consequence of the finite size effect and the intrinsic strain resulting from
size confinement [33]. Therefore, XRD peak profile analysis could offer an indirect route in estimating crystal
properties such as size, intrinsic strain, and elastic properties such as energy density and stress. This can be
achieved through several empirical analyses such as the Balza method, Williamson—Hall (W-H) analysis, and
Warren-Averbach method. The W-H analysis is, however, very easy as it utilizes the full-width half-maximum
(FWHM) of the XRD diffraction peaks.

Until now, limited attention has been paid to the influence of annealing temperature on the microstructural
parameters and crystal defects of metal oxides obtained from the pyrolysis of MOFs. While most studies have
paid attention only to the crystallite size, parameters such as lattice stress, crystal defects, and deformation
energy density have not received much attention. Studying these parameters could, however, provide additional
information on metal oxides as they greatly influence the physical properties of the material.

In this present study, the influence of annealing temperature on the microstructural properties of Fe,O3
obtained from the pyrolysis of Fe-MIM MOF is presented. Using XRD profile analysis methods such as modified
Scherrer, W-H analysis, size strain plot, and Halder-Wagner methods (W-H), a comparative study of these
materials is studied. Furthermore, morphological analysis was performed using transmission emission
spectroscopy and electron dispersion spectroscopy of the obtained materials. The influence of the
microstructural characteristics of the materials on the optical properties was further explored.

2. Methodology

The 2-methyl imidazole (MIM)(95%), iron nitrate pentahydrate (98%), and ethanol (99.9%) used in the
synthesis of the materials were obtained from Sigma Aldrich, South Africa, and were used without further
purification.

2.1. Synthesis of ZIF-8 like Fe-MIM MOF and Fe, O3 nanoparticles

For the synthesis of Fe-MIM, the method reported by Rahim, Yusuf (34) was employed with slight modification.
In a typical synthesis, 1 mmole of iron nitrate pentahydrate and 8 mmole of 2-methylimidazole were dissolved in
15 mL of methanol. Under magnetic stirring, the 2-methylimidazole solution was added into the iron nitrate
solution dropwisely, and the mixture was allowed to stir for 24 h. The obtained precipitate was washed and dried
under a vacuum. For the synthesis of Fe,O3 nanoparticles, 100 mg of the MOF was measured into a ceramic
crucible, after which it was transferred into a furnace, and heated at the desired temperature for 6 h. The samples
heated at 800, 900, and 1000 °C are hereafter referred to as Fe;03-800, Fe,03-900, and Fe;O5-1000, respectively.
After the heating, the samples were allowed to cool to room temperature and stored in a dry cool place.

2.2. Characterization of Fe-MIM and Fe,O; nanoparticles

The x-ray crystallographic data were collected usinga d8 Advanced XR diffractometer with Cu Ko radiation
(A=154.18 pm). Morphological properties were examined using scanning electron microscopy (SEM) and
transmission electron microscopy (TEM) on a TECNAI G2 (ACI) instrument (Hillsboro, OR, USA) with an
accelerating voltage of 200 kV. The Fourier-transformed infrared (FTIR) spectra were recorded with a
spec‘[roquant® 300 spectrophotometer. UV—vis data were obtained using a Cary 60 UV—vis spectrometer
(Agilent Technologies, Malaysia). For the SEM, TEM and UV—-vis analyses ethanol was used as solvent.

3. Results and discussion

3.1. Structural analysis

Figure 1 shows the XRD and FTIR spectra of Fe-MIM obtained through a facile hydrothermal synthetic route.
The Fe-MIM shows XRD pattern similar to that of ZIF-8 as reported by Jia, Cao (35) and Fe (II) analogue of ZIF-
8 reported by Lopez-Cabrelles, Romero (36). The FTIR spectra (figure 1(b)) confirmed the formation of the Fe-
MIM as an analogue of ZIF-8, with the C—H bond vibration observed at 2958 cm ™ L. Furthermore, vibrational
frequencies for C=N, C-N and Fe-N bonds were observed at 1617, 1365, and 600 cm ™ v respectively [34].

The XRD patterns of Fe,O; obtained by the thermal decomposition of Fe-MIM at 800, 900, and 1000 °C are
shown in figure 2. The XRD pattern gives information on the crystallinity and crystal system of the obtained
Fe,05. All the diffraction peaks could be indexed to the rhombohedral a-Fe,O5 phase [35]. The obtained Fe,O;
nanoparticles were pure and showed high crystallinity. The intensity of the main peak shows an apparent
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Figure 1. (a) XRD pattern and (b) FTIR spectra of ZIF-8 like Fe-MIM MOF.
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Figure 2. XRD pattern of Fe,05-800, Fe,03-900, and Fe,05-1000.

increase with temperature, implying improved crystallinity at higher temperatures. The crystallinity followed
the order Fe,03-1000 > Fe,03-900 > Fe,05-800. High-temperature treatment has been observed to enhance
crystallinity by improving atomic mobility and defect reduction [36]. A similar observation was reported for
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Figure 3. Linear plots of modified Scherrer equation for Fe,05-800, Fe,05-900, and Fe,05-1000.

ZnO obtained through the sol-gel method and annealed at varying temperatures [37]. Furthermore, the full-
width half-maximum (FWHM) of the main peak 26 = 33.5 decreased as the annealing temperature increased.
This further affirms the increase in crystallinity of the Fe,O; nanoparticles and the presence of fewer defects in
the crystal structure with an increase in annealing temperature. The diffraction data employed for calculating the
crystallite size and intrinsic strain are discussed in the following sections.

3.1.1. The modified Scherrer method

Usually, the crystalline size of a material is determined using Scherrer’s formula, which is based on diffraction
peak broadening arising from the size and intrinsic strain effects. To account for physical and instrumental
broadening, the diffraction peak broadening is corrected using the following equation [38, 39]:

Ba= B+ Bi, e

where [3; is the corrected broadening, (3, is the measured broadening and (3, is the instrumental broadening.
The physical broadening of the samples and instrumental broadening obtained from the Al,O5 standard were
measured through FWHM, and the corrected physical broadening was utilized in calculating the crystallite size
using the Scherrer’s equation [40, 41]:

bR L

B4 cosb
where D, K, A, and 6 represent the average crystallite size (nm), shape factor, wavelength of x-rays, and Bragg
angle, respectively. Usually, the most intense peak is used in most studies to estimate the average crystalline size;

however, to reduce the sum of absolute error, the modified Scherrer formula (equation (3)) was suggested by
Monshi, Foroughi (45), which gives a more accurate estimate of the crystallite size from some or all of the

diffraction peaks.
KA\ 1
Ing=In|l—|+1 , 3
np n(D) n(cos@) ©

(@)

From equation (3), a plot of In 3 against In (%) gives a straight line with an intercept In (%) Figure 3

CO:!
shows the graph of In 3 versus In (ﬁ) for Fe,053-800, Fe,03-900, and Fe,O3-1000 obtained from all the
experimental points from the XRD peaks of the samples. The average crystallite size estimated from the intercept
was 44.5 nm, 50.0 nm, and 65.3 nm, respectively.

3.1.2. The Williamson—Hall analysis

The sole consideration of the influence of crystal size on XRD peaks broadening by the Scherrer method implies
that it does not offer information on the internal lattice strain, which could arise from grain boundary, stacking
faults, triple joints, or point defects in crystals [42, 43]. Therefore, methods such as Warren-Averbach and
Williamson—Hall (W-H) analysis are used to estimate the contribution of intrinsic strain to XRD peaks
broadening. The W-H analysis is the most explored among the methods because of its simplicity and usefulness
in determining several crystal properties [44]. According to this model, the total peak broadening can be
attributed to contributions from the size and microstrain of the crystal (equation (4)).

/Btotal = ﬁsize + ﬁstmin (4)
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Figure 4. Linear plots of the UDM model for Fe,05-800, Fe,03-900, and Fe,O5-1000.

To estimate the crystallite size and microstrain in the Fe,O5 nanoparticles, three modified W-H equations—
uniform deformation model (UDM), uniform stress deformation model (USDM), and uniform deformation
energy density model (UDEDM)—were explored.

3.1.2.1. Uniform deformation model (UDM)

Despite the imperfection of nanocrystals, the UDM assumes the uniformity of strain in all crystallographic
directions. Implying that the strain that influences XRD profile broadening is considered isotropic. The
broadening induced by the strain (yain) can be expressed as follows:

Bstrain = 4€ X tan@ (5

where ¢ is the microstrain. By combining S..in (equation (5)) with S, (equation (2)), the total broadening due
to strain and size of any peak is:

B =

+ 4e€ tanf 6
D cosf ©®

By multiplying equation (6) with cos 6, the total broadening can be expressed as:
K .
Ok cos = 3)\ + 4e sinfy 7)

From equation (7), a plot of By cos 6 on the y-axis and 4 sin 6,y on the x-axis gives a straight line with a slope
equal to € and the intercept on the y-axis is equal to %’\, from which D could be estimated. Figure 4 shows the UDM
plots for the Fe,O5 samples, and the average crystal size was estimated to be 41.9, 47.4, and 72.0 nm for Fe,05-800,
Fe,03-900, and Fe,03-1000, respectively. The average intrinsic strain calculated from the intercept was —2.09 x
1074 —2.29 x 10~*,and 1.20 x 10~ * respectively. A positive strain is indicative of a tensile strain, while a negative
strain signifies the presence of a compressive strain [42]. The reduction in the strain at higher annealing
temperature shows a reduction in defect density, which is often correlated with a decrease in lattice strain.

3.1.2.2. Uniform stress deformation model (USDM)

If the strain in a crystal lattice is considered anisotropic, as observed in real crystals, the W-H equation must be
modified to account for the anisotropic lattice deformation strain. The modified equation gives rise to the
USDM model, which assumes a uniform deformation stress along all plane directions. According to Hooke’s
law, the linear relationship between stress and strain can be expressed by o = eYy,y where 0, €, and Yy, are the
stress, anisotropic strain, and Young’s modulus, respectively. Therefore, modifying equation (7) with Hooke’s
law expression yields the USDM equation as follows:

KA 40 sinfyy
Buk1cos Oppy = — + ———— )
D Yiu

For trigonal crystals, the Young’s modulus is estimated by the expression:

566 544 544
ﬁ =Sult + Splf + Syl + 2(512 + 7)112122 + z(s13 + 7)112132 + 2(523 + 7)12213,2
h . k I

l: > = > =
et kRr 2 et e+ 2 et kBt P

)
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Figure 5. Linear plots of the USDM model for Fe,05-800, Fe,03-900, and Fe,03-1000.
where h, k, and 1 are the Miller indices and the elastic compliances of trigonal Fe,O5. For Fe, 03, the elastic
Compliances Sll) 512, 813, 814, 522, 523, S33, S44 and 5661 are equal to4.4 x 1073GPA>1, —1.03 x 1073 GPAil,
—23x10 *GPA™,—2.3x 10 *GPA 1,44 x 10 *GPA™ ', —2.3x 10 *GPA ', 4.4 x 10 > GPA™',1.20 x

107 2GPA !, and 2.7 x 10> GPA™ !, respectively [45, 46]. The average Yy value for Fe,O5 estimated from the
Miller indices using equation (9) was 263 GPa, which agrees with values reported in the literature [47, 48].
Figure 5 shows the plot of B; cos O on the x-axis against £ 520 sinbii on the y-axis for the Fe,O5 samples. The slope

ofthe stralght line plot gives the value of o, while the value of the crystal size can be estimated from the intercept, which
is equal to X 3. The average crystal size for Fe,05-800, Fe,05-900, and Fe,O3-1000 were 41.9, 47.4, and 68.9 nm,

respectively. Furthermore, the uniform stress (o) obtained were 0.055, 0.060, and 0.032 GPa, respectively.

3.1.2.3. Uniform deformation energy density model (UDEDM)

Due to the imperfections in most crystals caused by dislocations, defects, and aggregation, the UDEDM model,
which assumes the uniformity of deformation energy in all crystal directions, is often used as an alternative
model to the UDM and USDM. For an elastic system, the relationship between energy density (u) and strain is

defined by the Hooke’s law: u = % Consequently, equation (7) could be expressed as:

1

K\ . 2u \2

Bhki cos Opg = — + 4sin 9hkz(—u) (10)
D Yiu

1
To estimate the anisotropic energy den31ty (u), aplot of By cos Oy on the x-axis against 4 sin Gy ( ) givesa
straight line with a slope equal to u'/?, and the crystal size could be evaluated from the intercept Wthh isequal to
%’\ (figure 6). The value of u estimated from the slope of the plot was 5.52 x 10~ 6,0.051,and 0.036 GPa for
Fe,03-800, Fe,05-900, and Fe,O5-1000, respectively. In addition, the crystal size estimated from the intercept
was41.9,47.4 and 68.9 nm for Fe,05-800, Fe,03-900, and Fe,03-1000, respectively.

3.1.3. Size-strain plot model

The size strain plot (SSP) analysis is a broadening analysis model that estimates the XRD peak profile as a blend of
Gaussian and Lorentzian functions. A significant advantage of this model is that it eliminates the high peak overlap
and low precision associated with higher-angle reflecting planes [49]. In this model, the crystallite size contribution
to broadening is assigned a Lorentzian function, while the broadening due to strain is assigned the Gaussian
function. The total peak broadening can then be expressed as the sum of broadening due to Gaussian (3g) and
Lorentzian (3;) functions:

ﬁtotal = ﬁG + ﬁL (11)
The SSP model is estimated according to the expression [50, 51]:
KA e?
(dnia Brwa cos 0)* = F(dﬁkl B cos ) + " (12)

From equation (12),a plot of (dy Bux cos 0)? on the y axis against dj%; By cos 0 on the x-axis gives a straight
line with a slope equal to X2 b A and intercept equal to £ Plgure 7 shows the SSP plot for Fe,03-800, Fe,053-900, and
Fe,03-1000. The crystal size for Fe,05-800, Fe,O5- 900 and Fe,03-1000 were estimated to be 43.2,47.9, and
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Figure 6. Linear plots of the UDEDM model for Fe,03-800, Fe,05-900, and Fe,05-1000.
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Figure 7. Linear plots of the SSP model for Fe,03-800, Fe,05-900, and Fe,05-1000.

63.2 nm, respectively, while the strain (¢) was 3.03 x 107%,3.1 x 107* and 7.2 x 10>, for Fe,05-800,
Fe,03-900, and Fe,03-1000, respectively.

3.1.4. Halder-Wagner model

The H-W model is an alternative to the SSP model, as the XRD peaks broadening is assumed to be a Voigt
symmetric function rather than the Gaussian and Lorentzian functions assumed by the SSP. The H-W model is
desirable because the XRD peaks are neither Gaussian nor Lorentzian functions. Also, low and medium peaks
receive more weight, while the overlap of diffraction peaks is minimized [50]. The H-W model is analyzed as a
deconvolution of two Lorentzian and Gaussian functions. The FWHM of the physical profile could be expressed
as:

B = BB + B (13)
In the H-W model, the relationship between crystallite size and lattice strain is given by the expression:
B*Y _ K B 2
— | == + (2¢)%, 14
( ax* D (d*)? (2€) (14)

where 3* = By CO/\S ¥ and d* = 2#. To estimate the crystalline size and strain from equation (14), a linear

G
(d*)?
and intercept equal to % and (2¢)?, respectively. Figure 8 shows the H-W plots for Fe,O3 samples. The estimated
crystallite size was 43.1, 53.3, and 64.1 nm for Fe,03-800, Fe,03-900, and Fe,05-1000, while the strain values
were4.97 x 107%,2.16 x 10 %, 1.19 x 10~ *.

on the x-axis. The obtained straight line as a slope

%\ 2
equation is fitted to the plot of (5—*) on the y-axis against
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Figure 8. Linear plots of the H-W model for Fe,03-800, Fe,05-900, and Fe,05-1000.

Table 1 gives the calculated average crystalline size and intrinsic strain of the Fe,O3 samples alongside other
elastic parameters. The strain (¢) values calculated from the W-H analysis were similar for all three models;
however, compared to the other models, the W-H analysis gave lower strain values, which can be attributed to
the assumption of elastic constant anisotropy. Also, the average crystallite size calculated from all the models was
similar. However, more disparity was observed in the values calculated for Fe,05-1000, which could be
attributed to the alteration in the strain in the sample. It is well established in the literature that values obtained
from SSP and H-W models are more reliable because of the less significance given to high-angle refection and
the close alignment of the data points with a linear fit [52].

3.2. Morphological study

TEM images were used to study the morphology of the Fe,O3 nanoparticles, while EDX was used to explore the
elemental composition of the materials. The images of Fe,O3 samples are shown in figure 9. The TEM images
show agglomerated round-shaped nanoparticles with a particle size that increased as the annealing temperature
increased. High annealing temperature has been reported to promote grain size growth and aggregation in
nanomaterials [53, 54]. This observed increase in particle size with annealing temperature is consistent with the
results obtained from the structural analysis presented. The EDX images confirm the formation of pure Fe,O5
samples. Furthermore, an increase in the percentage composition of oxygen in the samples was observed to
increase with annealing temperature, while the composition of iron decreased. This suggests the formation of
Fe®* vacancies and the formation of non-stoichiometric Fe,Os_a structures.

3.3. Optical properties

Figure 10 shows the UV—vis light absorption spectra and the Tauc plots for the Fe,O5 samples. Two transitions
observed at 500-600 nm and 400—450 nm correspond to the indirect band edge and direct band edge,
respectively [55]. The direct band edge corresponds to the transition from occupied O 2p to the empty Fe t,,*
state, while the indirect band edge corresponds to the Fe e 4 state to the empty t,, " state transition. The
absorption spectra of the three samples showed similar features. However, the intensity of light absorption
decreased with an increase in annealing temperature, which can be ascribed to more defects in the samples
obtained at lower temperatures. Also, the enhanced tailing of the samples prepared at 800 and 900 °C compared
to the sample obtained at 1000 °C confirmed the presence of more defects in the samples obtained at lower
temperatures. Transitions involving defects can result in absorption below the actual bandgap energy, resulting
in tailing [56]. Furthermore, a blue shift in absorption edge to a higher wavelength was observed, suggesting an
increase in band gap energy with an increase in annealing temperature due to increased crystallinity and reduced
defects. This aligns with the observation from the XRD pattern of the samples, as an increase in the intensity of
the XRD peaks was observed as the annealing temperature increased. Figure 10(b) shows the Tauc plot obtained
from equation (15):

ahv = A(hv — Ep)" (15)

The band gap energy was obtained from a plot of (athv)? against hv by extrapolating the linear portion of the plot
to hv =0. The direct bandgap energy for Fe,O3-800, Fe,03-900, and Fe,03-1000 was evaluated as 1.75, 1.80,
and 1.85 eV, respectively. The structural improvements—enhanced crystallinity, reduced defect density, and
improved stoichiometry—serve as the foundation for the observed optical property changes. High annealing
temperatures increase atomic mobility, enabling defect annealing and grain growth. The interplay between
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Table 1. Estimated parameters for Fe,03-800, Fe,03-900, and Fe,O3-1000 nanoparticles.

Modified

scherrer Williamson—hall method Size-strain plot Halder-wagner method

method

UDM USDM UDEDM
Stress o Energy density u

Sample Size(nm) Size (nm) Strain(x10™*) Size(nm) Straine(x10™%) Stress (GPA)(x107%) Size(nm) Straine(x10™%) (GPA)(x107%)  (GPA)(x107®  Size(nm) Straine(x10™*) Size(nm) Straine (x10™%)
Fe,05-800 44.5 41.9 —2.90 41.9 2.13 5.5 41.9 2.05 5.4 5.52 43.2 3.03 43.1 4.97
Fe,03-900 50.0 47.4 —2.29 47.4 2.28 6.0 47.4 2.24 5.8 6.6 47.9 3.10 53.3 2.16
Fe,05-1000  65.3 72.0 1.20 68.9 1.22 3.2 68.9 1.14 3.0 1.7 63.2 0.7 64.1 1.19
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Figure 9. (a)—(c) TEM images and (d)—(e) EDX spectra of Fe,03-800, Fe,05-900, and Fe,05-1000.
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Figure 10. (a) UV-visible absorption spectra and (b) Tauc plots of Fe,03-800, Fe,03-900, and Fe,O5-1000.

reduced defects, enhanced crystallinity, and altered stoichiometry underlies the blue shift in the UV—vis
absorption spectrum and the bandgap widening. These changes are consistent with structural improvements
observed at higher annealing temperatures, showcasing how synthesis conditions can tailor the material
properties for specific applications. This structural refinement reduces the density of mid-gap states and
sharpens electronic transitions, as evidenced by the Tauc plot analysis showing increased bandgap values. This
supports the earlier suggestion of band gap widening due to increased crystallinity and reduction in defects.
High-temperature synthesis often influences defect density in nanomaterials [57].

To further confirm the level of defects in the obtained Fe,O3 samples, the Urbach energy (E,) was calculated.
The E, indicates the overall disorder present in a crystal, and it shows the width of the traps in the crystal system
[58]. These traps lead to the creation of localized states between the valence band and conduction bands. The E,

can be estimated using equation (16) [59]:
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Figure 11. Urbach energy plot for Fe,05-800, Fe,05-900, and Fe,05-1000.
hv
a = a,exp|—|, (16)
E,

where, « is the absorption coefficient, hv is the incident energy and «, is a constant. The Eu is obtained by
plotting In (o) against kv and fitting a linear equation on the linear portion of the curve, as shown in figure 11.
The inverse of the slope of the linear fitting gives the value of Eu for the sample. The E, for Fe,053-800,
Fe,05-900, and Fe,05-1000 was 645, 600, and 490 meV, respectively, which aligns with the inverse relationship
between E; and E, and confirms the reduction in defects with higher annealing temperature [60]. Though the
EDX analysis shows a higher amount of Fe vacancies in the samples as the annealing temperature increases, the
E, values show the presence of other defects, such as line defects at lower annealing temperatures. To affirm this,
the dislocation density, a type of line defect for the samples, was estimated. The dislocation density is obtained
from the expression in equation (17):

Pa = E) (17)

where D is the crystallite size of the materials. The estimated dislocation density was 5.0 x 107%,4.0 x 107 % and
2.3 x 10~ *line/nm” for Fe,03-800, Fe,05-900, and Fe,O3-1000, respectively. This confirms the presence of
other defect types in the samples, which accounts for the higher overall defects in the samples obtained at lower
temperatures.

4. Conclusion

In this study, we successfully synthesized o-Fe,O3 nanoparticles from the pyrolysis of ZIF-8 like Fe-MIM MOF
and investigated the influence of annealing temperature on their microstructural, morphological, and optical
properties. The XRD profile analysis using methods such as modified Scherrer, Williamson—Hall (W-H) size
strain plot, and Halder-Wagner (H-W) revealed significant insights into the crystal structure, lattice strain, and
crystallite size. Our results indicate that the crystallite size increases with annealing temperature while the
intrinsic strain decreases. The TEM images demonstrated that the nanoparticles exhibited agglomerated round
shapes, and the particle size increased with higher annealing temperatures, consistent with the XRD findings.
The EDX analysis confirmed the purity of the Fe,O; samples and suggested the formation of non-stoichiometric
a-Fe,0; structures with Fe’* vacancies. Optical property analysis showed a blue shift in the absorption edge
with increasing annealing temperature, indicating a widening band gap due to enhanced crystallinity and
reduced defects. The direct bandgap energies for Fe,03-800, Fe,05-900, and Fe,O3-1000 were evaluated as 1.75,
1.80, and 1.85 eV, respectively.

These findings comprehensively explain how annealing temperature affects the structural and optical
properties of a-Fe,03 nanoparticles derived from MOFs. This study opens up potential avenues for optimizing
the synthesis parameters to tailor the properties of a-Fe, O3 for specific applications in photocatalysis, gas
sensors, lithium-ion batteries, and other fields.
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