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Rietveld-refined XRD patterns show that MgErxFe2xO4(x=0.00, 0.15, 0.20, 0.25, and 0.30)
ferrites samples crystallize in a single-phase cubic spinel structure (Fd-3m). The excellent fit
between calculated and observed profiles and the absence of subsequent phases are evidence
of successful Er integration. Small peak shifts reflect lattice distortion due to Er substitution
without symmetry modification. The UV-Vis absorption spectra of MgErxFe2-xO4 nanoparticles
exhibit a broad absorption band in the 600-650 nm range, which is characteristic of spinel
ferrites. Er replacement modifies the absorbance intensity due to lattice deformation and
changes in cation distribution. Longer annealing times result in reduced absorbance, which
indicates improved crystallinity and fewer states associated with defects. These results
demonstrate that both Er doping and thermal treatment effectively adjust the optical properties
of MgErxFe2xOa ferrites. All things considered, MgErxFeaxOuferrites optical band gap may be
efficiently tuned by Er doping and annealing, which makes these materials appealing choices
for photocatalytic, sensor, and visible light-driven optoelectronic applications. Strong thermal
stability of the spinel phase is demonstrated by the DSC curves of MgErxFe2.xO4, which show
a broad endothermic zone with no abrupt transitions up to 400 °C and an endothermic peak
below ~100 °C as a result of moisture elimination. Er substitution marginally modifies the heat-
flow behavior, suggesting improved lattice stabilization without phase change. Expanded DSC
graphs show a gradual increase in heat-flow without discernible crystallization peaks,
indicating progressive crystallization and lattice relaxation. Er substitution slightly modifies
the crystallization slope, suggesting enhanced thermal stabilization and defect-controlled grain
growth without phase transition. The TG-DTA curves show a notable dopant-dependent shift
in thermal transitions with the maximum melting and crystallization temperatures indicating
enhanced thermal stability. Consistent with earlier findings on doped ferrites, the changes in
heat-flow intensity are indicative of dopant-induced lattice deformation and altered cation-
oxygen bonding.
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1. Introduction

Spinel ferrites with the general chemical formula MgFe,Os (M = Mg, Ni, Zn, Co, etc.)
constitute an important class of functional oxide materials that can be used in magnetic
recording, sensors, microwave devices, energy storage, photocatalysis, and biomedical fields
due to their remarkable magnetic, electrical, optical, and thermal properties [1,2]. Among
these, magnesium ferrite (MgFe>O4) crystallizes in the cubic spinel structure (Fd-3m space
group) and is a soft magnetic n-type semiconductor. It exhibits strong electrical resistivity,
mild saturation magnetization, minimal eddy current losses, and outstanding chemical and
thermal stability [1, 3]. The physical characteristics of MgFe>O4, which are especially
susceptible to cation distribution and lattice distortions, may be effectively modified by
controlled cation replacement [3-5]. Rare-earth (RE*") ion doping has emerged as a powerful
technique in recent years to modify the structural and functional behavior of spinel ferrites
because of the high ionic radii, strong spin-orbit coupling, and localized 4f electronic states of
rare-earth ions [4,6]. The substitution of RE*" ions at Fe** sites leads to notable modifications
in micro-strain, cation occupancy between tetrahedral (A) and octahedral (B) sites, lattice
characteristics, and super-exchange interactions [5-8].

One of the rare-earth dopants, erbium (Er**), has attracted special attention due to its
substantial magnetocrystalline anisotropy, relatively large magnetic moment, and complex 4f
electronic structure [6,9]. When Er** ions are integrated into the MgFe,O4 lattice, the
difference in ionic sizes between Er** and Fe’" results in lattice deformation, strain-mediated
effects, and defect generation [4,7]. These structural modifications modify magnetic
characteristics like as coercivity and saturation magnetization by enhancing B-B connections
and diminishing A-B super-exchange interactions [5,9]. Moreover, Er doping produces
localized electronic states inside the band structure, enabling band-gap engineering and
enhanced visible-light absorption. Optoelectronic and photocatalytic applications benefit from
these characteristics [7,8, 10].

Because of their improved phase stability and prevented grain growth due to rare-
earth-induced grain boundary pinning, rare-earth-doped magnesium ferrites are suitable for
high-temperature magnetic and electrical applications [6,10]. Therefore, Er-substituted
MgFe,O; ferrites are a promising multifunctional material system where structural, magnetic,
optical, and thermal properties may be effectively designed by dopant concentration and
synthesis conditions. The current study focusses on the synthesis and systematic investigation
of Er-doped MgFe,Ouferrites with the aim of establishing clear correlations between erbium
substitution, structural evolution, and functional properties, with an emphasis on their potential
for advanced magnetic and optoelectronic applications. Despite these advantages, little is
known about how Er** substitution simultaneously influences the crystal structure, cation
distribution, thermal stability, and opto-magnetic properties of MgFe,O4 ferrites, particularly
at low doping concentrations. This is the driving force behind the current study.
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2. Experimental

Sol-gel citrate was used to create MgErFe,«04(x=0.00, 0.15, 0.20, 0.25, and 0.30) nano
ferrites. The starting chemicals were magnesium nitrate hexahydrate (Mg(NO3),.6H,O, 99%,
Sigma Aldrich), iron (III) nitrate nonahydrate (Fe(NO3)3.9H,0, 98-100%, A.R, grade Merck),
and erbium (III) nitrate pentahydrate (Er(NO3)3.5H,0, 99.9%, Sigma Aldrich). The fuel source
was citric acid. Analytical grade materials were first utilized; no further purification
procedures were applied. Mg(NO3),.6H>0O, Fe(NO3);.9H,0, Er(NO;)3.5H,0, and citric acid
were combined to create a precursor in an aqueous solution using the auto-combustion method.
The nitrates were forcefully mixed with deionized water to create a homogeneous solution. A
magnetic stirrer was used to stir the precursors for four hours after three molar ratios of citric
acid were added as a gel agent to ensure a uniform combination of metal nitrates. NH; was
added to this solution to maintain a pH of 7. The final mixture was heated progressively to 100
°C while being constantly swirled on a magnetic hot plate. The end result was a viscous gel
[11,12]. There was an eruption when the gel heated to 200 °C. The dry gel completed self-
sustaining full combustion, leaving behind a loose powder residue. The product was then
meticulously pounded into a fine powder using a mortar and pestle.

MgErFer.«04(x=0.00, 0.15, 0.20, 0.25, and 0.30) nano-ferrites' structural,
morphological, optical, and magnetic characteristics were investigated in detail. An Ultima IV
diffractometer (Rigaku, Japan) with a 26 range of 20° to 80° was used for XRD investigation.
An Agilent Technologies Carry 5000-UV-Vis-NIR spectrophotometer was used to perform the
UV-Vis analysis.

3. Results and Discussions
3.1. The Rietveld refinement of XRD data

Fig. 1 (a-e) displays the MgErFe,<O4 (x=0.00, 0.15, 0.20, 0.25, and 0.30) nano-ferrites' X-
ray diffraction (XRD) patterns. The distinctive reflections of a cubic spinel ferrite structure
with space group Fd-3m, which correspond to the crystallographic planes (111), (220), (311),
(222), (400), (422), (511), (440), (620), and (533), can be linked to all diffraction peaks. The
efficient inclusion of Er ions into the MgFe»Os lattice is shown by the absence of additional
impurity peaks linked to secondary phases like Er,O3 or Fe;Os, which validate the creation of
a single-phase spinel structure across the examined composition range [13]. The substitution
of larger Er ions (ionic radius = 1.004 A in octahedral coordination) for smaller Fe ions (=
0.645 A) causes lattice distortion, which is responsible for the slight shifts in peak positions
towards lower 260 values and slight peak broadening observed with increasing Er content. This
behavior is in line with previously documented rare-earth-substituted magnesium ferrites, in
which octahedral (B) sites are preferentially occupied by Er ions, resulting in a little increase
in micro-strain and a lattice parameter expansion without causing any disruption to the
spinel structure [13, 14].
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Fig 1. Rietveld refinement plots of MgEr.Fe».xO4 (a) x=0.00 (b) x=0.15 (c) x=0.20 (d) x=0.25
and (e) x=0.30 samples.

The structural integrity of the Er-doped Mg ferrite system is further confirmed by the good
agreement between calculated and observed profiles, which is consistent with published
studies on rare-earth-modified spinel ferrites produced by traditional solid-state and chemical
methods [15].

The consistent peak shifts and broadening in the XRD patterns show that the Er-
induced lattice distortion is important in controlling the optical and magnetic characteristics
of MgEryFe,.<O4 nano-ferrites. A-B and B-B magnetic interactions are changed when bigger
Er** ions are substituted at octahedral (B) site, which modifies the Fe-O-Fe super-exchange
pathways. While altering the net ferrimagnetic ordering, the corresponding increase in lattice
parameter and micro-strain weakens the dominant antiferromagnetic B-B exchange. This is
typically manifested as an increase in magnetic anisotropy and a decrease in saturation
magnetization as the rare-earth content rises [13, 14]. Additionally, localized crystal field
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asymmetry around Fe*" and Er** ions is created by lattice distortion and strain. This improves
spin-orbit coupling and contributes to enhanced coercivity, a phenomena commonly observed
in rare-earth-substituted spinel ferrites [15]. By altering Fe (3d) - O (2p) hybridization, the
distortion of the oxygen sub-lattice and variations in metal-oxygen link lengths have an optical
impact on the electrical band structure. Defect-assisted localized states and improved lattice
disorder are responsible for the small narrowing of the optical band gap that occurs when the
concentration of Er increases [13-15]. Er®* ions can cause intra-4f electronic transitions, which
can further affect the behavior of optical absorption in the visible and near-infrared spectrums.
The correlated evolution of magnetic hardness and optical band gap in MgEr«Fe».«O4 nano-
ferrites is thus structurally explained by the XRD-observed lattice expansion and micro-
structural strain, underscoring the strong interaction between crystal structure and
multifunctional properties in rare earth doped spinel ferrites.

Table 1 The average grain size D (nm), Lattice constant a (A), binding energy Eg (eV),
Crystallization temperature, and Melting Temperatures of MgErcFe,«O4 (x=0.00, 0.05, 0.10,
0.15, 0.20, 0.25 and 0.30) ferrites.

Crystallizati Heat Melting
D E, on Temperatu | Heat flow
X a(A) flow
(nm) (eV) Temperatur mW re mW
eC °C
0.00 | 39.456 | 7.782 1.9113 | 205.35 4.7988 205.99 4.7641
0.15 | 30.319 | 7.845 1.9046 | 363.68 7.6646 361.01 7.5900
0.20 | 30.104 | 7.847 1.9067 | 247.76 6.4311 248.98 5.693
0.25 | 30.055 | 7.847 1.9049 | 258.94 4.7946 259.67 4.7843
0.30 | 29.974 | 7.855 1.8964 | 137.37 4.0111 142.77 3.5357

Er’* substitution limits grain expansion throughout the spinel formation process, as evidenced
by the crystallite size (D) of MgEr«Fe,«O4, which noticeably decreases from 39.46 nm at x =
0 to ~30 nm for x > 0.15 (Table 1). This decrease in D is typically explained by lattice strain
caused by the ionic size difference between Er** (1.004 A) and Fe** (0.67 A), which prevents
crystallite coalescence and favors nucleation over growth. At the same time, when the Er
content increases, the lattice parameter (a) shows a modest but consistent rise from 7.782 to
7.855 A, as indicated in Table 1. The integration of the bigger Er** ions into the octahedral
sublattice is consistent with Vegard-type expansion. Similar patterns, where substitution-
induced lattice distortion increases unit cell volume and alters cation redistribution, have been
documented for rare-earth-doped spinel ferrites. Successful Er incorporation and the ensuing
structural changes typical of RE-doped ferrites are confirmed by the observed drop in D and
the increase in a. Through improved carrier localization and defect-assisted electrical
transitions, this structural disorder helps to somewhat reduce the optical band gap. Thus, a
structural basis for the simultaneous tuning of magnetic anisotropy and optical absorption
behavior in MgEr«Fe, «O4 nano-ferrites is provided by the systematic decrease in crystallite
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size combined with lattice parameter expansion, highlighting the strong structure-property
interdependence caused by Er** substitution.

3.2 Analysis of UV-Vis absorption spectra

Strong absorption in the UV and visible regions is followed by a steady decline towards the
near-infrared region, according to the UV-Vis absorption spectra of MgErFe».<O4 (x=0.00,
0.15, 0.20, 0.25, and 0.30) nano-ferrites observed in the 200-900 nm range (Fig.2). The broad
absorption tail extending into the visible-NIR region is linked to d-d transitions of Fe** ions
and defect-related localized states typical of spinel ferrites, whereas the prominent absorption
below ~600 nm is mainly attributed to O* - Fe** charge-transfer transitions within the Fe-O
octahedral [13, 14]. A discernible increase in absorbance strength and a minor red shift of the
absorption edge are seen with increasing Er concentration, suggesting that the electronic band
structure is gradually changing. The XRD data, which show a monotonic increase in lattice
parameter and a decrease in crystallite size with Er substitution, are in good agreement with
this behavior. By weakening the Fe-O bond strength and changing the Fe (3d) - O (2p) orbital
hybridization, the lattice expansion brought on by larger Er** ions narrows the optical band
gap through defect-assisted electronic transitions [15]. Additionally, the smaller crystallite size
increases structural disorder and the surface-to-volume ratio, which encourages the
development of localized states close to the band boundaries and add to the observed red shift
and higher absorption [15, 16]. Furthermore, absorption patterns in the visible and near-
infrared areas might be influenced by weak contributions from intra-4f transitions of Er** ions,
especially at higher dopant.

MgEr Fe, O,
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Fig 2. UV plots of MgErFe».«O4 (a) x=0.00 (b) x=0.15 (c¢) x=0.20 (d) x=0.25 and (e) x=0.30

samples.
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concentrations [16]. The substantial interaction between structural factors and optical
functionality in MgEr«Fe»<O4 nano-ferrites is therefore highlighted by the clear correlation
between Er-induced lattice distortion and nano-crystalline effects and the observed growth of
optical-absorption-properties.

3.3 Evolution of the optical band gap and link between structure and property

When assuming a direct allowed transition, the optical band gap energies of
MgErFe,.«O4 (x=0.00, 0.15, 0.20, 0.25, and 0.30) nano-ferrites were calculated from Tauc
plots extrapolated using ahv' = A(hv - E,) versus photon energy, as shown in Fig. 3 (a-¢). The
table displays the extracted band gap values. A general red shift of the absorption edge with
increasing Er concentration is indicated by the steady drop from 1.9113 eV (x =0.00) to 1.9046
eV (x=0.15), 1.9067 eV (x = 0.20), 1.9049 eV (x = 0.25), and ultimately 1.8964 eV (x
= 0.30). The structural changes shown by XRD, specifically the monotonic increase in lattice
parameter and decrease in crystallite size caused by Er** substitution, are strongly associated
with this band-gap narrowing. Lattice distortion and micro-strain caused by the addition of
larger Er** ions at octahedral (B) sites change the lengths of Fe-O bonds and weaken Fe 3d-O
2p orbital hybridization, creating localized defect states close to the band edges and promoting
defect-assisted electronic transitions [13, 14]. Furthermore, the observed decrease in crystallite
size increases surface disorder and grain boundary density, which further narrows the optical
band gap and causes band tailing, a phenomenon frequently observed in nanocrystalline spinel
ferrites [13]. The competing effects of lattice expansion, strain relaxation, and defect
redistribution can be responsible for small non-monotonic changes in E, intermediate Er
concentrations. Moreover, the optical response at higher dopant levels may be influenced by
minor contributions from intra-4f electronic transitions of Er** ions, supporting the observed
red shift [14]. For Er-substituted magnesium and other spinel ferrites, similar correlations
between rare-earth induced lattice distortion and band-gap modulation have been documented,
demonstrating that controlled rare-earth doping is a successful method for band-edge
engineering in ferrite systems [15-17].
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Fig 3. Tauc plots of MgErFe»..O4 (a) x=0.00 (b) x=0.15 (c) x=0.20 (d) x=0.25 and (e)
x=0.30 samples
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3.4 Photocatalytic properties

When exposed to visible light, the photocatalytic spectra of MgErFe»<O4 (x=0.00, 0.15, 0.20,
0.25, and 0.30) nanoferrites are shown in Fig. 4(a-e). There is a noticeable absorption band in
the ~650—670 nm range in all formulations. All samples show a consistent drop in absorbance
strength as the irradiation period increases from 0 to 100 minutes, indicating gradual dye
degradation and efficient photocatalytic activity [15, 18].

A progressive decrease in peak intensity is visible for the undoped MgFeO4 (x = 0.00)
sample [Fig. 4(a)], suggesting moderate photocatalytic efficiency. Er** substitution increases
the rate of absorbance decay, especially for x = 0.15 and x = 0.20 (Fig. 4(b,c)), indicating
improved charge separation and reduced electron-hole recombination because Er-induced
defect levels and localized 4f states are introduced. Faster degradation kinetics result from
these mid-gap states enhanced interfacial charge transfer and easier absorption of visible light
[19, 20].

The degradation rate exhibits hints of saturation or a modest fall at larger Er
concentrations (x = 0.25 and 0.30, Fig. 4(d, e)), despite the fact that significant absorption
reduction still occurs. The favorable effects of mild doping are somewhat negated by this
behavior, which can be explained by abundant Er** ions functioning as recombination centers
or generating lattice distortion [21 - 22]

With an ideal composition around x = 0.15-0.20, when the balance between improved
visible-light absorption, defect-assisted charge separation, and reduced recombination is
reached, the absorption spectra unequivocally show that Er doping maximizes the
photocatalytic efficacy of MgFe2Oa.
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Fig 4. Photocatalytic plots of MgErFe,«O4 (a) x=0.00 (b) x=0.15 (¢) x=0.20 (d)
x=0.25 and (e) x=0.30 samples.

3.5 Photocatalytic degradation behaviour

For MgEr«Fe,«O4 (x=0.00, 0.15, 0.20, 0.25, and 0.30) nano-ferrites, the fluctuation of
normalized concentration (C/Co) with irradiation duration clearly shows that photocatalytic
activity depends on Er** substitution as seen in Fig. 5. The following formula, (1), was used to

determine the deterioration efficiency [24].
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Fig 5. Photocatalytic degradation of of MgErFe,».«O4 (a) x=0.00 (b) x=0.15 (c) x=0.20
(d) x=0.25 and (e) x=0.30 samples.

Efficiency of Degradation (%) = (Co - C) / Co % 100 (D

In this case, C represents the substance's concentration at time t, and Co is its initial
concentration. All compositions exhibit a modest rise in C/Co during the first 20-40 min, which
is typically ascribed to adsorption-desorption equilibrium and active site surface saturation
before steady-state photocatalysis is established [24]. The successful photocatalytic
destruction of the dye molecules is confirmed by a constant drop in C/Co after extended
irradiation [25].
Throughout the reaction period, the undoped and lightly doped samples (x = 0.00 and 0.15),
which show comparatively larger C/Co values, show restricted photocatalytic efficiency. On
the other hand, samples with a greater Er** content (x > 0.20) exhibit a more noticeable
decrease in C/Co; after 100 minutes of irradiation, the composition with x = 0.30 had the lowest
final C/Co value. This enhancement is linked to the creation of defect states and rare-earth-
induced lattice deformation, which confine photo generated charge carriers and prevent
electron-hole recombination [26, 27].

Additionally, Er** substitution increases the production of reactive oxygen species
including OH and O:" radicals, which are responsible for dye mineralization, by modulating
the band-gap and encouraging the absorption of visible light [28]. Higher Er-doped MgFe.O.
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samples exhibit greater photocatalytic performance, which can be explained by the synergistic
effect of enhanced charge separation, oxygen vacancy generation, and longer light absorption
[29,30].

3.6 Degradation efficiency analysis

Fig. 6 shows the degradation efficiency (%) chart of MgEr«Fe».«O4(x=0.00, 0.15, 0.20, 0.25,
and 0.30) nano-ferrites as a function of irradiation time. For all compositions, the degradation
efficiency increases progressively with exposure time, confirming the time-dependent
photocatalytic activity of the ferrite system. The undoped sample (x = 0.00) shows an initially
sharp increase in degradation efficiency, reaching a maximum at intermediate irradiation
times, followed by a comparatively slower improvement at longer durations. This behavior is
typically associated with limited charge carrier separation and faster recombination in pristine
MgFe.0s [24, 25].
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Fig 6. Degradation efficiency (%) of MgEr«Fe,«O4(a) x=0.00 (b) x=0.15 (c) x=0.20 (d) x=0.25
and (e) x=0.30 samples.

With Er** incorporation, a systematic enhancement in degradation efficiency is
observed, particularly for higher substitution levels (x = 0.20-0.30). The x = 0.30 sample
exhibits the highest degradation efficiency at longer irradiation times (80 - 100 min), indicating
superior photocatalytic stability and sustained activity. This improvement is attributed to rare-
earth-induced lattice distortion and defect states that act as electron traps, thereby prolonging
charge carrier lifetimes and enhancing interfacial redox reactions [26, 27].

At intermediate Er concentrations (x = 0.15-0.25), moderate degradation efficiencies
are achieved, suggesting a balance between defect-assisted charge separation and possible
recombination centers introduced at lower dopant levels. Furthermore, Er** doping is known
to induce band-gap tuning and oxygen vacancy formation, which facilitate visible-light
absorption and promote the generation of reactive oxygen species (OH and O%), directly
contributing to higher degradation efficiency [28]. The observed trend confirms that higher
Er** substitution optimizes the photocatalytic degradation efficiency of MgFe:O4, in good
agreement with reported rare-earth-doped ferrite systems [29, 30].

3.7 Photocatalytic degradation using pseudo-first-order kinetic analysis

Fig 7. The pseudo-first-order kinetic plots of In(C/Co) vs irradiation time for MgEryFe;.<O4
(x=0.00, 0.15, 0.20, 0.25, and 0.30) nano-ferrites are displayed in Fig 7. Under low dye
concentration conditions, pseudo-first-order kinetics can adequately characterize the
photocatalytic degradation process, which is confirmed to follow the Langmuir-Hinshelwood
model for all compositions by linear dependency of In(C/Co) on time [24, 27].
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Fig. 7. Kinetics plots for linear fitting Data obtained from pseudo-first-order reaction model
of MgErFe»«04 (a) x=0.00 (b) x=0.15 (c) x=0.20 (d) x=0.25 and (e) x=0.30 samples.
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The well-correlated linear fitting (red lines) shows that mass transfer constraints are
subordinated to surface reaction kinetics.

The apparent rate constant (k), which exhibits a consistent relationship on Er**
concentration, is represented by the slope of each linear fit. The undoped MgFe.O. sample
(x = 0.00) has the lowest slope, suggesting slower deterioration kinetics because of reduced
absorption of visible light and fast electron-hole recombination [27]. The slope gradually
increases with Er** substitution (x = 0.15 and 0.20), indicating increased charge carrier
separation due to lattice deformation and rare-earth-induced defect states [24, 27].

The maximum kinetic slopes are obtained with a further increase in Er** content (x =
0.25 and 0.30), indicating noticeably better degradation rates. The combined effects of oxygen
vacancy generation, band-gap modulation, and the trapping of photogenerated electrons by
Er** ions are responsible for this increase. These processes inhibit recombination and
encourage the production of reactive oxygen species, including O, radicals and OH [29, 30].
Additionally, sustained photocatalytic behavior during the whole irradiation time is indicated
by the improved linearity shown for the x = 0.30 sample.

Higher Er** substitution efficiently speeds up photocatalytic reaction rates in
MgFe20s, as confirmed by the kinetic data, which are in line with the C/Co and degrading
efficiency trends. The current data are supported by other reports of similar improvements in
pseudo-first-order rate constants with rare-earth doping for ferrite-based photocatalysts [30].

3.8 DSC Analysis

MgErFer«Os (x=0.00, 0.15, 0.20, 0.25, and 0.30) nano-ferrites' differential scanning
calorimetry (DSC) curves are displayed in Fig. 8, show a steady rise in heat flow with
temperature as well as faint endothermic characteristics, which are indicative of the thermally
triggered structural relaxation and crystallization processes present in spinel ferrites. As the Er
content increases, the heat-flow magnitude gradually shifts and the thermal events become
more widespread, indicating improved thermal stability and altered lattice dynamics brought
on by rare-earth substitution. XRD confirms that the addition of additional Er** ions to the
octahedral positions causes micro-strain and lattice distortion, which raises the energy needed
for atomic rearrangements during heating and causes increased heat-flow responses [13]. This
type of behavior has been extensively documented in rare-earth-doped ferrites, where
broadened temperature transitions rather than abrupt phase changes are caused by enhanced
bond strength heterogeneity and defect density [14]. The DSC profiles gradually change as a
result of improved phonon scattering and heat resistance brought about by the smaller
crystallites and higher grain boundary density seen in Er-substituted samples [4]. Since lattice
strain and defect states produced during Er inclusion affect both thermal and electronic
transport pathways, these thermally induced structural relaxations are in agreement with the
observed optical band-gap narrowing [15]. The thermal robustness of MgErFe,.«O4 ferrites
and their suitability for high-temperature functional applications are highlighted by the lack of
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abrupt exothermic or endothermic peaks, which further confirms the preservation of the single-
phase cubic spinel structure throughout the investigated temperature range [30].
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Fig 8. DSC plots of MgErFe,.<04(a) x=0.00 (b) x=0.15 (c) x=0.20 (d) x=0.25 and (e) x=0.30
samples

3.9 DSC investigation of crystallization and melting behavior

Fig.9 shows the DSC measurements of MgErFe,.<04(x=0.00, 0.15, 0.20, 0.25, and 0.30) nano-
ferrites crystallization and melting behavior. Table 1 summarizes the thermal parameters that
were recovered. At 205.35 °C (4.80 mW) and 205.99 °C (4.76 mW), the undoped MgFe,04
sample shows closely spaced crystallization and melting events, suggesting fast structural
ordering and phase stability typical of well-crystallized spinel ferrites. There are discernible
changes in the heat-flow magnitude and crystallization temperature with Er substitution.

Nanotechnology Perceptions 20 No. S16 (2024) 4418-4444



Structural, Optical, Photocatalytic, And

... Jeedi Adam, et al. 4437

Heat flow (mW)
=
2

4.76

L(a)

MgEr Fe, O,

Crystallioation

Melting or Faslon Point

l\ ﬂl'lll

4744
204 208 206 W7
Temperature (°C)
(b) MyEr Fe, O,

778
=y
0
;' Crystalliontion
-]
=
F 7,68
-

7.60

Melting or Fusion Polar

" " " " A

363

34 365 366 367

Temperature (°C)

Nanotechnology Perceptions 20 No. S16 (2024) 4418-4444



4438 Structural, Optical, Photocatalytic, And ... Jeedi Adam et. al.

750 MgEr Fe, O,
7.28
-~ 700
=
E 65
Sis
T 625
-
6.00
5.75
ssok . Meltiny o Fusion Puint .
228 240 255 70 285
Temperature (°C)
4951 (d) MgEr Fe, O, [x-023)
490 ¢
Z asst
E Crastallization
g 4.80 +
'
.z. 475 Melting or Fusion Peiot
4.70
4.65
252 254 256 258 260 262 264
Temperature (*C)
xa L(e) MgEr Fe, O, =0, 1
—_ A5
% Crystullization
g 4.0
<=
=
e
=35
Meltimg or Festao Poimt
0k

105 120 135 150 165 180

Temperature (°C)

Nanotechnology Perceptions 20 No. S16 (2024) 4418-4444



Structural, Optical, Photocatalytic, And ... Jeedi Adam, et al. 4439

Fig 9. Heat flow plots from DSC for MgEriFe».«04(a) x=0.00 (b) x=0.15 (c) x=0.20 (d) x=0.25
and (e) x=0.30 samples

The corresponding melting transitions for the Er-doped compositions take place at 361.01 °C
(7.59 mW), 248.98 °C (5.69 mW), 259.67 °C (4.78 mW), and 142.77 °C (3.54 mW),
respectively, while the crystallization temperatures change to 363.68 °C (7.66 mW), 247.76
°C (6.43 mW), 258.94 °C (4.79 mW), and 137.37 °C (4.01 mW). The higher thermal stability
resulting from Er*" incorporation into octahedral sites, which fortifies local bonding
heterogeneity and raises the energy barrier for atomic rearrangement, is reflected in the first
increase in crystallization temperature and heat flow at moderate Er concentrations [13]. XRD
confirms that the decrease in crystallization and melting temperatures with increasing Er
concentration is due to enhanced lattice distortion, micro-strain, and smaller crystallites, all of
which together enable an earlier beginning of structural relaxation and phase change [14, 15].

The retention of a single-phase cubic spinel structure across the studied temperature
range is confirmed by the broad breadth of the DSC characteristics and the lack of sharp
endothermic or exothermic peaks, which point to progressive crystallization and melting
processes rather than abrupt phase transitions. Since lattice strain and defect states brought on
by Er substitution both affect thermal activation processes and electronic structure at the same
time, these thermal trends are in line with the observed optical band-gap narrowing. Overall,
the DSC results show that Er** substitution successfully modifies the temperature sensitivity
of magnesium ferrites while maintaining structural integrity, emphasizing their
appropriateness for multifunctional, thermally stable applications.

3.10 Differential thermal analysis (DTA) and thermogravimetric analysis (TGA)

Using simultaneous TGA-DTA analysis, the thermal stability and breakdown behavior of
MgErFer.«04(x=0.00, 0.15, 0.20, 0.25, and 0.30) nano-ferrites were examined in the
temperature range of ambient temperature to 1000 °C, as illustrated in Fig. 10 (a-¢). As is
typical of spinel ferrites produced chemically, all compositions show a multistep weight-loss
behavior along with broad endothermic and exothermic features in the DTA curves [13]. The
removal of physically adsorbed moisture and remaining volatile species from the sample
surface is responsible for the initial weight loss that was noted below ~200 °C (=0.35-1.16%).
As frequently documented for ferrite systems, a second weight-loss stage that occurs between
~200 and 450 °C (=0.52-3.78%) relates to the breakdown of leftover organic materials and the
removal of hydroxyl groups associated with precursor residues [15]. Densification, structural
rearrangement, and the progressive creation of the thermodynamically stable spinel phase are
linked to the slow mass loss that lasts up to about 700 °C [14]. The weight loss for all
compositions becomes insignificant beyond about 700 °C, showing the high thermal stability
of the MgEr«Fe»«O4 ferrites and signaling the completion of phase formation.

The thermal response is greatly affected by the addition of Er** ions. Er-substituted samples
show a somewhat higher total weight loss at intermediate temperatures compared to undoped
MgFe,0s. This can be explained by greater lattice distortion and defect density caused by the
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larger ionic radius of Er*" at octahedral sites [ 13, 15]. Nevertheless, the Er-doped samples show
better thermal stability at higher temperatures, as seen by the mass stabilizing above around
700 °C and the lack of sharp breakdown stages. This behavior is in line with DSC findings
showing expanded crystallization and melting characteristics, as well as XRD results
confirming the creation of a single-phase cubic spinel structure. While the lack of abrupt
thermal events points to gradual ordering rather than first-order phase transitions, the broad
DTA peaks seen in the 300-600 °C range are linked to crystallization and cation redistribution
processes inside the spinel lattice [14, 15]. Together, these findings show that Er** substitution
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Fig 10. TGA-DTA plots of MgErFe».«O4 (a) x=0.00 (b) x=0.15 (¢) x=0.20 (d) x=0.25 and
(e) x=0.30 samples.
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lattice disorder at lower temperatures while maintaining structural integrity and thermal
robustness at higher temperatures, making MgEriFe,.«O4 appropriate for high-temperature
magnetic and optoelectronic applications.

4. Conclusions

Rietveld-refined XRD patterns show that all MgErFe,».«O4(x =0.00, 0.15, 0.20, 0.25, and 0.30)
nano-ferrites samples crystallize in a single-phase cubic spinel structure (Fd - 3m). The UV-
Vis absorption spectra of MgEriFe».«O4 nanoparticles display a sizable absorption band in the
600-650 nm region. The observed and calculated profiles showed excellent agreement with no
secondary phases. Er*" replacement changes the absorbance intensity due to differences in
cation distribution and lattice deformation. These results demonstrate that both Er doping and
thermal treatment effectively adjust the optical properties of MgEr«Fe,«O4 ferrites. Er doping
successfully tunes the optical band gap of MgErFe,.«O4 ferrites, making them appealing
choices for photocatalytic, sensor, and visible-light-driven optoelectronic applications. Strong
thermal stability of the spinel phase is demonstrated by the DSC curves of MgErFe,Os,
which show a broad endothermic zone with no abrupt transitions up to 400 °C and an
endothermic peak below ~100 °C as a result of moisture elimination. Er substitution
marginally modifies the heat-flow behavior, suggesting improved lattice stabilization without
phase change. Er substitution slightly modifies the crystallization slope, suggesting enhanced
thermal stabilization and defect-controlled grain growth without phase transition. The TGA-
DTA curves reveal a considerable dopant-dependent change in thermal transitions, exhibiting
the highest crystallization and melting temperatures, indicating increased thermal stability.
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