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Abstract
This study explores themicrostructural, morphological, and optical properties of Fe2O3 nanoparticles
synthesized from the pyrolysis of ZIF-8 like Fe-2-methyl imidazole (MIM)metal–organic frameworks
(MOFs). UsingX-ray diffraction (XRD) profile analysismethods, including themodified Scherrer,
Williamson–Hall (W-H), size strain plot, andHalder-Wagnermethods, the impact of annealing
temperature on themicrostructural parameters and crystal defects of the obtained Fe2O3

nanoparticles was investigated. The nanoparticles exhibited high crystallinity and a rhombohedral
α-Fe2O3 phase.Morphological analysis through transmission electronmicroscopy (TEM) revealed
distinct structural features, whileUV–vis spectroscopywas employed to examine their optical
properties. The results indicated that higher annealing temperatures enhance crystallinity, reduce
defect density, and improve atomicmobility. This comprehensive analysis provides valuable insights
into the synthesis-structure–property relationships of Fe2O3 nanoparticles, highlighting their
potential applications in applications such as gas sensing and photocatalysis.

1. Introduction

Hematite (α-Fe2O3) 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. It is a n-type semiconductor, with a band gap energy of~2.2 eV. This characteristic allows
hematite to be utilized infields 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 produceα-Fe2O3 nanoparticles, such as sol–gel [11–13], thermal
decomposition [14, 15], ionic liquid-assisted synthesis [16], hydrothermalmethod [4, 17, 18], co-precipitation
method [19–21], and polyol [9, 10]. Recently, the use ofmetal–organic frameworks for the synthesis ofmetal
oxides has gained attention as it helps tomitigate the problemof surface oxidation faced by various chemical
methods [22]. Thermolysis/pyrolysis ofMOFs provides a facile and scalable route to the synthesis of functional
metal oxides with unique physicochemical and electronic properties [23–25]. Fe(MOF) derivedα-Fe2O3 have
been explored as functionalmaterials in recent times in catalysis [26], adsorption [24], and gas sensing [25]. The
use ofMOFs as precursors formetal oxides leverages the unique structural and chemical properties ofMOFs to
generatematerials with improved functionality and performance [22, 27–30]. Therefore, by leveraging the
unique properties of Fe(MOF),α-Fe2O3with tailored structure and different functional composition can be
obtained, creating a facile route for obtainingmaterials with enhanced properties and suitability for various
applications [26].
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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 bemodulated through different synthesis factors such as annealing temperature, pH, and precursor
type [32]. TheXRDpeak profile provides a significant route to evaluate the intrinsic strain in a crystal from the
broadening of XRDpeaks, which is a consequence of the finite size effect and the intrinsic strain resulting from
size confinement [33]. Therefore, XRDpeak 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 Balzamethod,Williamson–Hall (W-H) analysis, and
Warren-Averbachmethod. TheW-Hanalysis is, however, very easy as it utilizes the full-width half-maximum
(FWHM) of the XRDdiffraction peaks.

Until now, limited attention has been paid to the influence of annealing temperature on themicrostructural
parameters and crystal defects ofmetal oxides obtained from the pyrolysis ofMOFs.Whilemost studies have
paid attention only to the crystallite size, parameters such as lattice stress, crystal defects, and deformation
energy density have not receivedmuch attention. Studying these parameters could, however, provide additional
information onmetal oxides as they greatly influence the physical properties of thematerial.

In this present study, the influence of annealing temperature on themicrostructural properties of Fe2O3

obtained from the pyrolysis of Fe-MIMMOF is presented. UsingXRDprofile analysismethods such asmodified
Scherrer,W-H analysis, size strain plot, andHalder-Wagnermethods (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 obtainedmaterials. The influence of the
microstructural characteristics of thematerials 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 thematerials were obtained fromSigmaAldrich, SouthAfrica, andwere usedwithout further
purification.

2.1. Synthesis of ZIF-8 like Fe-MIMMOFand Fe2O3 nanoparticles
For the synthesis of Fe-MIM, themethod reported by Rahim, Yusuf (34)was employedwith slightmodification.
In a typical synthesis, 1mmole of iron nitrate pentahydrate and 8mmole of 2-methylimidazole were dissolved in
15mL ofmethanol. Undermagnetic stirring, the 2-methylimidazole solutionwas added into the iron nitrate
solution dropwisely, and themixturewas allowed to stir for 24 h. The obtained precipitate waswashed and dried
under a vacuum. For the synthesis of Fe2O3 nanoparticles, 100mg of theMOFwasmeasured 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 °Care hereafter referred to as Fe2O3-800, Fe2O3-900, and Fe2O3-1000, 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-MIMand Fe2O3 nanoparticles
The x-ray crystallographic data were collected using a d8AdvancedXRdiffractometer withCuKα radiation
(λ= 154.18 pm).Morphological properties were examined using scanning electronmicroscopy (SEM) and
transmission electronmicroscopy (TEM) on aTECNAIG2 (ACI) instrument (Hillsboro, OR,USA)with an
accelerating voltage of 200 kV. The Fourier-transformed infrared (FTIR) spectrawere recordedwith a
spectroquant® 300 spectrophotometer. UV–vis data were obtained using aCary 60UV–vis spectrometer
(Agilent Technologies,Malaysia). For the SEM, TEMandUV–vis analyses ethanol was used as solvent.

3. Results and discussion

3.1. Structural analysis
Figure 1 shows theXRD and FTIR spectra of Fe-MIMobtained through a facile hydrothermal synthetic route.
The Fe-MIM showsXRDpattern 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-
MIMas an analogue of ZIF-8, with theC–Hbond vibration observed at 2958 cm−1. Furthermore, vibrational
frequencies for C=N,C-N and Fe-Nbondswere observed at 1617, 1365, and 600 cm−1, respectively [34].

TheXRDpatterns of Fe2O3 obtained by the thermal decomposition of Fe-MIMat 800, 900, and 1000 °Care
shown infigure 2. TheXRDpattern gives information on the crystallinity and crystal systemof the obtained
Fe2O3. All the diffraction peaks could be indexed to the rhombohedralα-Fe2O3 phase [35]. The obtained Fe2O3

nanoparticles were pure and showed high crystallinity. The intensity of themain peak shows an apparent
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increase with temperature, implying improved crystallinity at higher temperatures. The crystallinity followed
the order Fe2O3-1000> Fe2O3-900> Fe2O3-800.High-temperature treatment has been observed to enhance
crystallinity by improving atomicmobility and defect reduction [36]. A similar observationwas reported for

Figure 1. (a)XRDpattern and (b) FTIR spectra of ZIF-8 like Fe-MIMMOF.

Figure 2.XRDpattern of Fe2O3-800, Fe2O3-900, and Fe2O3-1000.
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ZnOobtained through the sol–gelmethod and annealed at varying temperatures [37]. Furthermore, the full-
width half-maximum (FWHM) of themain peak 2θ= 33.5 decreased as the annealing temperature increased.
This further affirms the increase in crystallinity of the Fe2O3 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. Themodified Scherrermethod
Usually, the crystalline size of amaterial 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]:

( )b b b= + , 1d m i
2 2 2

where bd is the corrected broadening, bm is themeasured broadening and bi is the instrumental broadening.
The physical broadening of the samples and instrumental broadening obtained from theAl2O3 standardwere
measured through FWHM, and the corrected physical broadeningwas utilized in calculating the crystallite size
using the Scherrer’s equation [40, 41]:

( )l
b q

=D
K 1

cos
, 2

d

whereD,K,λ, and θ represent the average crystallite size (nm), shape factor, wavelength of x-rays, and Bragg
angle, respectively. Usually, themost intense peak is used inmost studies to estimate the average crystalline size;
however, to reduce the sumof absolute error, themodified Scherrer formula (equation (3))was suggested by
Monshi, Foroughi (45), which gives amore accurate estimate of the crystallite size from some or all of the
diffraction peaks.
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From equation (3), a plot of bln against ( )qln 1

cos
gives a straight linewith an intercept ( )lln K

D
. Figure 3

shows the graph of bln versus ( )qln 1

cos
for Fe2O3-800, Fe2O3-900, and Fe2O3-1000 obtained fromall the

experimental points from theXRDpeaks 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. TheWilliamson–Hall analysis
The sole consideration of the influence of crystal size onXRDpeaks broadening by the Scherrermethod 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 asWarren-Averbach and
Williamson–Hall (W-H) analysis are used to estimate the contribution of intrinsic strain toXRDpeaks
broadening. TheW-Hanalysis is themost explored among themethods because of its simplicity and usefulness
in determining several crystal properties [44]. According to thismodel, the total peak broadening can be
attributed to contributions from the size andmicrostrain of the crystal (equation (4)).

( )b b b= + 4total size strain

Figure 3. Linear plots ofmodified Scherrer equation for Fe2O3-800, Fe2O3-900, and Fe2O3-1000.
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To estimate the crystallite size andmicrostrain in the Fe2O3 nanoparticles, threemodifiedW-H equations–
uniformdeformationmodel (UDM), uniform stress deformationmodel (USDM), and uniformdeformation
energy densitymodel (UDEDM)–were explored.

3.1.2.1. Uniform deformationmodel (UDM)
Despite the imperfection of nanocrystals, theUDMassumes the uniformity of strain in all crystallographic
directions. Implying that the strain that influences XRDprofile broadening is considered isotropic. The
broadening induced by the strain (βstrain) can be expressed as follows:

( )b q= ´4 tan 5strain

where ε is themicrostrain. By combiningβstrain (equation (5))withβsize (equation (2)), the total broadening due
to strain and size of any peak is:

( )b
l
q

q= +
K

D cos
4  tan 6hkl

Bymultiplying equation (6)with cos θ, the total broadening can be expressed as:

( )b q
l

q= +
K

D
cos 4  sin 7hkl hkl

Fromequation (7), a plot of b qcoshkl on the y-axis and q4 sin hkl on the x-axis gives a straight linewith a slope
equal to  and the intercept on the y-axis is equal to lK

D
, fromwhichD couldbe estimated. Figure 4 shows theUDM

plots for the Fe2O3 samples, and the average crystal sizewas estimated to be 41.9, 47.4, and 72.0nm for Fe2O3-800,
Fe2O3-900, and Fe2O3-1000, respectively. The average intrinsic strain calculated from the interceptwas−2.09×
10−4,−2.29× 10−4, and 1.20× 10−4, 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 indefect density,which is often correlatedwith a decrease in lattice strain.

3.1.2.2. Uniform stress deformationmodel (USDM)
If the strain in a crystal lattice is considered anisotropic, as observed in real crystals, theW-Hequationmust be
modified to account for the anisotropic lattice deformation strain. Themodified equation gives rise to the
USDMmodel, which assumes a uniformdeformation stress along all plane directions. According toHooke’s
law, the linear relationship between stress and strain can be expressed byσ= εYhkl, whereσ, ε, and Yhkl are the
stress, anisotropic strain, andYoung’smodulus, respectively. Therefore,modifying equation (7)withHooke’s
law expression yields theUSDMequation as follows:

( )b q
l q

= +
sK

D Y
cos

4  sin
8hkl hkl

hkl

hkl

For trigonal crystals, the Young’smodulus is estimated by the expression:
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Figure 4. Linear plots of theUDMmodel for Fe2O3-800, Fe2O3-900, and Fe2O3-1000.
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where h, k, and l are theMiller indices and the elastic compliances of trigonal Fe2O3. For Fe2O3, the elastic
compliances S11, S12, S13, S14, S22, S23, S33, S44 and S66, are equal to 4.4× 10−3GPA-1,−1.03× 10−3 GPA−1,
−2.3× 10−4 GPA−1,−2.3× 10−4 GPA−1, 4.4× 10−3 GPA−1,−2.3× 10−4 GPA−1, 4.4× 10−3 GPA−1, 1.20×
10−2 GPA−1, and 2.7× 10−3 GPA−1, respectively [45, 46]. The average Yhkl value for Fe2O3 estimated from the
Miller indices using equation (9)was 263GPa, which agrees with values reported in the literature [47, 48].

Figure 5 shows theplot of b qcoshkl hkl on thex-axis against
q

Y

4 sin hkl

hkl

on the y-axis for theFe2O3 samples.The slope

of the straight-lineplot gives the valueofσ,while thevalueof the crystal size canbeestimated fromthe intercept,which
is equal to lK

D
. The average crystal size forFe2O3-800, Fe2O3-900, andFe2O3-1000were 41.9, 47.4, and68.9nm,

respectively. Furthermore, theuniformstress (σ)obtainedwere 0.055, 0.060, and0.032GPa, respectively.

3.1.2.3. Uniform deformation energy densitymodel (UDEDM)
Due to the imperfections inmost crystals caused by dislocations, defects, and aggregation, theUDEDMmodel,
which assumes the uniformity of deformation energy in all crystal directions, is often used as an alternative
model to theUDMandUSDM. For an elastic system, the relationship between energy density (u) and strain is
defined by theHooke’s law: = eu Y

2
hkl

3

. Consequently, equation (7) could be expressed as:

( )b q
l

q= +
K

D

u

Y
cos 4 sin

2
10hkl hkl hkl

hkl

1
2

⎜ ⎟
⎛
⎝

⎞
⎠

To estimate the anisotropic energy density (u), a plot of b qcoshkl hkl on the x-axis against ( )q4 sin hkl Y

2
1
2

hkl
gives a

straight linewith a slope equal to u1/2, and the crystal size could be evaluated from the intercept which is equal to
lK

D
(figure 6). The value of u estimated from the slope of the plot was 5.52× 10−6, 0.051, and 0.036GPa for

Fe2O3-800, Fe2O3-900, and Fe2O3-1000, respectively. In addition, the crystal size estimated from the intercept
was 41.9, 47.4 and 68.9 nm for Fe2O3-800, Fe2O3-900, and Fe2O3-1000, respectively.

3.1.3. Size-strain plotmodel
The size strain plot (SSP) analysis is a broadening analysismodel that estimates theXRDpeakprofile as a blendof
Gaussian andLorentzian functions.A significant advantage of thismodel is that it eliminates the high peak overlap
and lowprecision associatedwith higher-angle reflecting planes [49]. In thismodel, the crystallite size contribution
to broadening is assigned a Lorentzian function,while the broadening due to strain is assigned theGaussian
function. The total peak broadening can then be expressed as the sumof broadening due toGaussian (βG) and
Lorentzian (βL) functions:

( )b b b= + 11total G L

The SSPmodel is estimated according to the expression [50, 51]:

( ) ( ) ( )b q
l

b q
e

= +d
K

D
dcos cos

4
12hkl hkl hkl hkl

2 2
2

From equation (12), a plot of ( )b qd coshkl hkl
2 on the y-axis against b qd coshkl hkl

2 on the x-axis gives a straight

linewith a slope equal to lK

D
and intercept equal to e

4

2

. Figure 7 shows the SSP plot for Fe2O3-800, Fe2O3-900, and

Fe2O3-1000. The crystal size for Fe2O3-800, Fe2O3-900, and Fe2O3-1000were estimated to be 43.2, 47.9, and

Figure 5. Linear plots of theUSDMmodel for Fe2O3-800, Fe2O3-900, and Fe2O3-1000.
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63.2 nm, respectively, while the strain (ε)was 3.03× 10−4, 3.1× 10−4, and 7.2× 10−5, for Fe2O3-800,
Fe2O3-900, and Fe2O3-1000, respectively.

3.1.4. Halder-Wagnermodel
TheH-Wmodel is an alternative to the SSPmodel, as the XRDpeaks broadening is assumed to be aVoigt
symmetric function rather than theGaussian and Lorentzian functions assumed by the SSP. TheH-Wmodel is
desirable because theXRDpeaks are neitherGaussian nor Lorentzian functions. Also, low andmediumpeaks
receivemoreweight, while the overlap of diffraction peaks isminimized [50]. TheH-Wmodel is analyzed as a
deconvolution of two Lorentzian andGaussian functions. The FWHMof the physical profile could be expressed
as:

( )b b b b= + , 13hkl L hkl G
2 2

In theH-Wmodel, the relationship between crystallite size and lattice strain is given by the expression:

( )
( ) ( )*

*
*
*

b b
e= +

d

K

D d
2 , 14

2

2
2⎛

⎝
⎞
⎠

where *b = b q
lhkl

cos and *d = q
l

2cos . To estimate the crystalline size and strain from equation (14), a linear

equation isfitted to the plot of ( )**bd 2
on the y-axis against

( )
*
*
b
d 2

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

and intercept equal to K

D
and ( )e2 2, respectively. Figure 8 shows theH-Wplots for Fe2O3 samples. The estimated

crystallite size was 43.1, 53.3, and 64.1 nm for Fe2O3-800, Fe2O3-900, and Fe2O3-1000, while the strain values
were 4.97× 10−4, 2.16× 10−4, 1.19× 10−4.

Figure 6. Linear plots of theUDEDMmodel for Fe2O3-800, Fe2O3-900, and Fe2O3-1000.

Figure 7. Linear plots of the SSPmodel for Fe2O3-800, Fe2O3-900, and Fe2O3-1000.
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Table 1 gives the calculated average crystalline size and intrinsic strain of the Fe2O3 samples alongside other
elastic parameters. The strain (ε) values calculated from theW-H analysis were similar for all threemodels;
however, compared to the othermodels, theW-Hanalysis gave lower strain values, which can be attributed to
the assumption of elastic constant anisotropy. Also, the average crystallite size calculated from all themodels was
similar.However,more disparity was observed in the values calculated for Fe2O3-1000, which could be
attributed to the alteration in the strain in the sample. It is well established in the literature that values obtained
fromSSP andH-Wmodels aremore reliable because of the less significance given to high-angle refection and
the close alignment of the data points with a linearfit [52].

3.2.Morphological study
TEM imageswere used to study themorphology of the Fe2O3 nanoparticles, while EDXwas used to explore the
elemental composition of thematerials. The images of Fe2O3 samples are shown infigure 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 Fe2O3

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
Fe3+ vacancies and the formation of non-stoichiometric Fe2O3-α structures.

3.3.Optical properties
Figure 10 shows theUV–vis light absorption spectra and the Tauc plots for the Fe2O3 samples. Two transitions
observed at 500–600 nmand 400–450 nmcorrespond to the indirect band edge and direct band edge,
respectively [55]. The direct band edge corresponds to the transition fromoccupiedO2p to the empty Fe t2g

*

state, while the indirect band edge corresponds to the Fe e.g. state to the empty t2g
* state transition. The

absorption spectra of the three samples showed similar features. However, the intensity of light absorption
decreasedwith an increase in annealing temperature, which can be ascribed tomore defects in the samples
obtained at lower temperatures. Also, the enhanced tailing of the samples prepared at 800 and 900 °Ccompared
to the sample obtained at 1000 °C confirmed the presence ofmore 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 higherwavelengthwas observed, suggesting an
increase in band gap energywith an increase in annealing temperature due to increased crystallinity and reduced
defects. This alignswith the observation from theXRDpattern of the samples, as an increase in the intensity of
the XRDpeaks was observed as the annealing temperature increased. Figure 10(b) shows the Tauc plot obtained
from equation (15):

( ) ( )a = -hv A hv E 15g
n

The band gap energywas obtained froma plot of ( )ahv 2 against hν by extrapolating the linear portion of the plot
to hν= 0. The direct bandgap energy for Fe2O3-800, Fe2O3-900, and Fe2O3-1000was 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 atomicmobility, enabling defect annealing and grain growth. The interplay between

Figure 8. Linear plots of theH-Wmodel for Fe2O3-800, Fe2O3-900, and Fe2O3-1000.
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Table 1.Estimated parameters for Fe2O3-800, Fe2O3-900, and Fe2O3-1000 nanoparticles.

Modified

scherrer

method
Williamson–hallmethod Size-strain plot Halder-wagnermethod

UDM USDM UDEDM

Sample Size (nm) Size (nm) Strain (x 10−4) Size (nm) Strain ε (x 10−4) Stress (GPA) (x 10−2) Size (nm) Strain ε (x 10−4)
Stressσ

(GPA) (x 10−2)
Energy density u

(GPA) (x 10−6) Size (nm) Strain ε (x 10−4) Size (nm) Strain ε (x 10−4)

Fe2O3-800 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

Fe2O3-900 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

Fe2O3-1000 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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reduced defects, enhanced crystallinity, and altered stoichiometry underlies the blue shift in theUV–vis
absorption spectrum and the bandgapwidening. These changes are consistent with structural improvements
observed at higher annealing temperatures, showcasing how synthesis conditions can tailor thematerial
properties for specific applications. This structural refinement reduces the density ofmid-gap states and
sharpens electronic transitions, as evidenced by the Tauc plot analysis showing increased bandgap values. This
supports the earlier suggestion of band gapwidening 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 Fe2O3 samples, theUrbach energy (Eu)was calculated.
The Eu indicates the overall disorder present in a crystal, and it shows thewidth 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 Eu
can be estimated using equation (16) [59]:

Figure 9. (a)–(c)TEM images and (d)–(e)EDX spectra of Fe2O3-800, Fe2O3-900, and Fe2O3-1000.

Figure 10. (a)UV-visible absorption spectra and (b)Tauc plots of Fe2O3-800, Fe2O3-900, and Fe2O3-1000.
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( )a a=
hv

E
exp , 16o

u

⎜ ⎟
⎛
⎝

⎞
⎠

where, a is the absorption coefficient, hv is the incident energy and ao is a constant. The Eu is obtained by
plotting ln ( )a against hv andfitting a linear equation on the linear portion of the curve, as shown infigure 11.
The inverse of the slope of the linearfitting gives the value of Eu for the sample. The Eu for Fe2O3-800,
Fe2O3-900, and Fe2O3-1000was 645, 600, and 490meV, respectively, which alignswith the inverse relationship
between Eg and Eu 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
Eu 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):

( )r =
D

1
, 17d 2

whereD is the crystallite size of thematerials. The estimated dislocation density was 5.0× 10−4, 4.0× 10−4, and
2.3× 10−4 line/nm2 for Fe2O3-800, Fe2O3-900, and Fe2O3-1000, 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 synthesizedα-Fe2O3 nanoparticles from the pyrolysis of ZIF-8 like Fe-MIMMOF
and investigated the influence of annealing temperature on theirmicrostructural,morphological, and optical
properties. TheXRDprofile analysis usingmethods such asmodified Scherrer,Williamson–Hall (W-H) size
strain plot, andHalder-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 temperaturewhile the
intrinsic strain decreases. The TEM images demonstrated that the nanoparticles exhibited agglomerated round
shapes, and the particle size increasedwith higher annealing temperatures, consistent with the XRD findings.
The EDX analysis confirmed the purity of the Fe2O3 samples and suggested the formation of non-stoichiometric
α-Fe2O3 structures with Fe

3+ vacancies. Optical property analysis showed a blue shift in the absorption edge
with increasing annealing temperature, indicating awidening band gap due to enhanced crystallinity and
reduced defects. The direct bandgap energies for Fe2O3-800, Fe2O3-900, and Fe2O3-1000were evaluated as 1.75,
1.80, and 1.85 eV, respectively.

These findings comprehensively explain how annealing temperature affects the structural and optical
properties ofα-Fe2O3 nanoparticles derived fromMOFs. This study opens up potential avenues for optimizing
the synthesis parameters to tailor the properties ofα-Fe2O3 for specific applications in photocatalysis, gas
sensors, lithium-ion batteries, and other fields.

Figure 11.Urbach energy plot for Fe2O3-800, Fe2O3-900, and Fe2O3-1000.
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