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Abstract: Nanocrystalline mixed ferrites with the general formula Mn,Ni;_ Fe,O4 (x = 0.0 to 1.0, in steps of 0.2) were successfully
synthesized using the auto-combustion technique. The main objective of this work was to investigate the effect of Mn substitution at
Ni sites on the structural and optical properties of NiFe,Oy4 in the nanocrystalline regime. X-ray diffraction (XRD) reflections were
consistent with the formation of a cubic spinel structure for all compositions. No additional crystalline impurity peaks were detected
within the sensitivity of conventional powder XRD. The average crystallite size estimated from the Scherrer equation lies in the range of
26-33 nm, confirming the nanocrystalline nature of the synthesized powders. The slight variation in crystallite size with increasing Mn
content suggests that ionic substitution influences the growth kinetics during combustion synthesis. Ultraviolet—visible (UV-Vis.) diffuse
reflectance spectroscopy was used to study the optical response, and the apparent optical bandgap values were estimated from UV—Vis.
absorbance data using Tauc analysis. The bandgap varies from 1.18 to 1.58 eV, revealing clear composition-dependent optical tuning.
These results show that Mn substitution effectively changes the electronic structure and optical response, making Mn,Niy_ Fe,Oy4

ferrites favorable materials for optoelectronic and photocatalytic applications.
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1. Introduction

Spinel ferrites with the common formula MFe,O4 (M = Mn,
Ni, Co, Zn, etc.) represent an important class of magnetic oxide
nanomaterials whose structural, magnetic, electrical, and opti-
cal properties can be modified by controlling cation distribution
between tetrahedral (A) and octahedral [B] sites in the cubic
spinel lattice [1-6]. Because of their chemical stability, tunable
electronic structure, and moderate magnetization, spinel ferrites
have attracted considerable interest for applications in photo-
catalysis, magnetic hyperthermia, microwave devices, spintronics,
gas sensing, and environmental remediation [1, 7]. In photocat-
alytic systems in particular, spinel ferrites offer the combined
advantages of visible-light response and magnetic recoverabil-
ity, which make them attractive for pollutant degradation and
water-treatment applications [7].

The optical and electronic behavior of spinel ferrites is
governed by several interacting factors, including cation distri-
bution, oxidation state, lattice distortion, and defect chemistry
[7, 8]. The mixed valence states of iron, together with the flexi-
ble site occupancy of transition-metal cations, strongly influence
charge-transfer transitions, crystal-field effects, and the density of
localized states near the band edges [9, 10]. Through cation sub-
stitution, it is possible to modify the Fe-O-M bonding network,
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alter the degree of inversion, and tune the optical absorption
characteristics over a wide range. For this reason, substituted
ferrites are widely studied as compositionally tunable functional
materials [2, 7].

Within this broader class, mixed Mn—Ni ferrite systems have
emerged as particularly attractive because they combine the high
magneto-crystalline anisotropy, chemical robustness, and rela-
tively narrow bandgap with the variable valence (Mn>*/Mn3*)
and strong lattice distortion effects associated with MnFe,Oy4
[2, 11, 12]. NiFe,O4 typically exhibits a partially inverse cation
distribution with Ni** jons predominantly at octahedral sites,
leading to significant anisotropy and moderate bandgap val-
ues suitable for visible-light activation [1, 8-10]. In contrast,
MnFe,0, tends toward more flexible cation arrangements and
stronger Jahn-Teller distortions when Mn3* is present, which can
modify Fe-O—-M super-exchange pathways and alter the density
of states near the Fermi level [13]. Combining these two end mem-
bers in MnNi;_ Fe,0,4 thus provides a powerful compositional
handle to engineer both magnetic and optical behavior through
controlled Mn substitution at Ni sites [14]. Such substitution can
influence crystallite growth, local strain, Fe—O bond environment,
and band-edge structure.

Recent studies on Mn-doped NiFe,O,4 have shown that
increasing Mn content can modify crystallite size, lattice param-
eter, and optical absorption behavior. In some cases, Mn incor-
poration has been reported to shift the optical absorption edge
toward lower energies, thereby improving visible-light utilization
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[10, 11, 14-17]. For example, some authors reported that low-level
Mn and Zn substitution in NiFe,Oy, prepared by co-precipitation
leads to bandgap energies around 1.95-1.98 eV, with high crys-
tallinity and limited structural disorder, which is advantageous
for optoelectronic applications [18]. NiFe,O4 has been reported
to exhibit a bandgap near 1.53 eV, whereas MnFe,O4 nanopar-
ticles have shown a narrow optical bandgap of approximately
1.4 eV [19, 20]. These observations support the interpretation
that Mn,Nij_ Fe,O4 compositions can exhibit bandgaps in a
similar low-energy semiconducting range, although the exact val-
ues remain sensitive to synthesis conditions and optical analysis
methodology.

The synthesis technique plays a significant role in deter-
mining the microstructure, cation distribution, and hence the
functional properties of spinel ferrites. Conventional ceramic
methods typically require prolonged calcination or sintering at
temperatures above 1000 °C, which often leads to grain coars-
ening, broad size distributions, and partial loss of compositional
homogeneity, thereby limiting their suitability for nanoscale opti-
cal studies [2]. In contrast, wet-chemical techniques such as
sol-gel, co-precipitation, hydrothermal, and combustion meth-
ods enable lower processing temperatures, finer particle sizes,
and better control over stoichiometry and morphology [1-3].
Among these, the auto-combustion technique is especially attrac-
tive because it is rapid, cost-effective, and capable of producing
nanocrystalline ferrites at comparatively low external tempera-
tures through a self-sustained exothermic redox reaction between
metal nitrates and organic fuel [21-23].

Auto-combustion synthesis has been successfully applied to
a variety of spinel ferrite compositions, including Ni-Zn and
Mn—Ni systems, yielding nanoparticles with crystallite sizes typ-
ically in the 15-80 nm range and single-phased cubic spinel
structures studied by XRD analysis [1, 24, 25]. Structural refine-
ment of Ni;..Zn Fe,O, prepared via sol-gel auto-combustion
has shown that this method provides not only good phase purity
but also reliable extraction of lattice constants, oxygen posi-
tional parameters, and cation radii at A and B sites, enabling
quantitative assessment of cation distribution and its impact
on magnetic and transport properties [22]. Similar observa-
tions have been made for Ni/Zn-based ferrites synthesized by
related auto-combustion routes, where homogeneous nanoscale
particles and narrow size distributions are routinely achieved,
thereby facilitating reproducible optical and magnetic measure-
ments [5]. Compared to high-temperature ceramic processing,
auto-combustion thus offers a rapid, low-cost, and energy-
efficient pathway to obtain well-crystallized, less agglomerated
nanoparticles suitable for thin-film deposition and detailed optical
characterization [3].

Despite the increasing number of literatures on Mn- and Ni-
based ferrites, several important gaps remain. Many studies on
Mn-doped NiFe,O, focus on a limited number of compositions
or narrow doping ranges and often employ synthesis methods
such as simple co-precipitation or conventional ceramic process-
ing that can complicate the interpretation of structure—property
relationships due to significant variations in grain size, porosity,
and defect density [11, 14]. In addition, individual reports fre-
quently present XRD-derived lattice parameters or crystallite sizes
and, separately, optical bandgap values from ultraviolet—visible
(UV-Vis,) diffuse reflectance spectroscopy (DRS), and system-
atic attempts to directly correlate these structural parameters
with composition-dependent bandgap evolution across the full
Mn,Niy_ Fe,O4 series (x = 0.0-1.0) remain relatively insuffi-
cient. A rigorous correlation is particularly important in mixed
systems like Mn—Ni ferrites, especially when there is a difference
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between the radius of ions between Mn2* (x0.80 A) and Ni2*
(~0.69 A) and the possibility of Mn?* formation can simulta-
neously influence lattice strain, super-exchange interactions, and
band-edge positions.

In this regard, the present work aims to systematically eluci-
date composition-dependent optical bandgap tuning in citrate-gel
auto-combustion—synthesized Mn, Ni;_, Fe,O4 (x = 0.0-1.0, step:
0.2) nanoferrites by studying the structural parameters obtained
from X-ray diffraction (XRD) and optical bandgaps derived
from UV-Vis. DRS and Tauc plot analysis. By synthesizing a
complete series of compositions under identical combustion con-
ditions, followed by careful evaluation of crystallite size and lattice
parameter evolution. The novelty of the work lies in providing a
coherent structure—optics correlation for the entire Mn—Ni com-
positional range at the nanoscale, thereby offering insights into
how Mn?2" substitution at Ni®" sites can be used as a design strat-
egy to tailor bandgaps in spinel ferrites for targeted photocatalytic
and optoelectronic applications.

2. Experimental Details

2.1. Materials

In this study, the nanocrystalline spinel ferrite powder sam-
ples of Mn,Niy_ Fe,O4 with x = 0.0, 0.2, 0.4, 0.6, 0.8, and 1.0
were synthesized by the citrate-gel auto-combustion route, as
shown in Figure 1, using the EMSURE® ACS, ISO Reag. Ph Eur.
(99%) Grade chemicals, manganese nitrate Mn(NOj3),-4H,0,
nickel nitrate Ni(NOj3),-6H,O, ferric nitrate Fe(NOj3);-9H,0,
citric acid C¢gHgO7-H,0O, and ammonia solution NH; (25%),
procured from Merck, Germany.

As displayed in Figure 1, to create a homogeneous solu-
tion, the nitrates were dissolved in 100 mL of double-distilled
water while being continuously stirred magnetically at room tem-
perature. Citric acid was added, followed by dropwise addition
of ammonia solution to reach pH 7, preventing selective precipi-
tation. The mixture was heated to 80-120 °C on a hot plate with
stirring, evaporating water to yield a viscous gel (~1-2 h). This
gel was further heated at 180-200 °C, igniting a self-generating
flameless auto-combustion reaction within minutes, generating
voluminous fluffy ash via exothermic redox between nitrates and
citrate. The as-burnt precursor was ground using an agate mortar-
pestle into fine powder and baked at 200 °C for 2-4 h in a furnace

Figure 1
Graphic presentation of synthesis method of Mn—Ni nanoferrites
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to remove impurities, enhance crystallinity, and obtain phase-pure
nanostructured powders.

2.2. Characterizations

A Phillips X-ray diffractometer (PW 3040/60, X’pert PRO)
was used in this study to measure XRD using Cu Ka radiation
(A = 1.5405A) by continuously scanning in the range of 26 from
20° to 80° at room temperature. The measurement of UV—Vis.
DRS was conducted using a Shimadzu UV-1800 UV—Vis. spec-
trophotometer in absorbance mode, with a scanning range of
200-800 nm.

3. Results and Discussion

3.1. XRD

As shown in Figure 2, XRD was used at room temperature
to examine the structure of synthesized nanocrystalline Mn—Ni
ferrite powders.

The XRD patterns of all the samples were indexed by com-
paring the observed peak positions and relative intensities with the
corresponding International Centre for Diffraction Data (ICDD)
standard data for the cubic spinel structure relevant to the Fd3m
space group. It was compared with the XRD patterns of pure
NiFe,04 and MnFe,0,4 obtained from ICDD, as shown in
Figure 3. The main reflections at (220), (311), (222), (400), (422),
(333), and (533) match well with the standard spinel pattern,
confirming the creation of a single-phase cubic spinel structure
within the detection limit of XRD. The slight difference in inten-
sity and broadening of the peak in the samples may be ascribed
to changes in crystallite size, local strain, and cation distribution.

Figure 2
X-ray diffractograms of Mn—N:i ferrites
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No additional peaks attributable to major impurity phases were
observed, although the presence of minor secondary phases below
the detection of XRD cannot be completely excluded.

The broad width of the diffraction peaks suggests the
nanoscale characteristics of the final products [26]. The promi-
nence of the (311) reflection at approximately 26 = 35.5° confirms
the formation of the spinel ferrite phase throughout the entire
compositional range. The average crystallite size for all the
nanocrystalline Mn,Ni_,Fe,O,4 powder samples was calculated
using the full width at half maximum (FWHM) of the strongest
peak (311) by employing Scherrer’s equation [27]:

kA
Dygrp = Beost (1

where k is a constant approximately equal to 0.9, 4 is the wave-
length (1.5405A), 6 is the Bragg’s angle, and B is the FWHM in
the radian. The calculated crystallite size for all the samples is
shown in Table 1.

The increase in lattice parameters (Table 1) with an increase
of Mn content in each synthesized sample can be attributed to
the replacement of the cation with a smaller radius of ions Ni**
(0.69 A) by the larger one Mn2* (0.80 A). The substitution of
Ni%* ions with Mn?* ions leads to an expansion in the inter-
atomic distance, resulting in an increase in the lattice constant

Table 1
Lattice parameter and crystallite size of nanostructured
Manil_xFezO4

Crystallite size

Lattice parameter Dxrp (nm)

Value of x a (nm) + 0.0002 +2

0.0 0.8340 33.80
0.2 0.8381 33.00
0.4 0.8390 28.28
0.6 0.8400 27.17
0.8 0.8409 25.20
1.0 0.8416 26.65
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[28-31]. As shown in Table 1, notably, Dxgp exhibits a system-
atic decrease from x = 0.0 to x = 0.8, followed by a slight increase
at x = 1.0 (pure MnFe,0,) from x = 0.8. This trend reflects the
influence of Mn2* incorporation, which has a larger ionic radius
compared to Ni?* ions. Progressive substitution induces lattice
strain and modifies nucleation/growth kinetics during the rapid
auto-combustion process, resulting in smaller coherent domains.
The minimum size at x = 0.8 suggests optimal strain accommoda-
tion before phase stabilization effects dominate at the MnFe, Oy
endpoint.

A further detail of the XRD patterns is the non-monotonic
intensity variation at higher-angle reflections around 26 = 75°.
Such behavior may arise from subtle changes in local ordering,
preferred orientation, or composition-dependent distribution of
cations within the spinel framework. These intensity variations can

be treated only as qualitative indications of evolving local structure
rather than direct evidence of a specific cation arrangement.

3.2. UV-Vis. DRS analysis

To determine the optical bandgap of the synthesized Mn—Ni
nanoferrites, UV-Vis. spectra were obtained in absorption mode
within the range of 200-800 nm.

The optical bandgap of the synthesized Mn, Ni;_, Fe,O4
spinel ferrite powder samples was determined using the Tauc plot
based on the UV—Vis. absorbance data illustrated in Figure 4. The
bandgap of these nanoferrites is determined by assuming a direct
transition between the valence band edges and conduction band
through the following expression [32]:

(ahv)? = K(hv — Eg) 2)

Figure 4
UV-Vis. absorbance spectra and Tauc plot of nanocrystalline MnxNi; -xFe, O, ferrite powders
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where a represents the absorption coefficient, hv signifies the
energy of the incident photon, K denotes the energy-independent
constant, Eg refers to the energy of the optical bandgap, and n
is a constant that depends on the transition type, taking a value
of 2 for a direct optical bandgap, while 1/2 for an indirect optical
bandgap.

The values of the bandgap of all the samples are from
1.18 to 1.58 eV (£0.05 to +0.10), as depicted in Figure 4.
These values are in accordance with the semiconducting range
and are broadly consistent with many reports on nanoscale
ferrites, although they differ from some published values for
apparently similar Mn—Ni ferrite systems. Such discrepancies in
the literature may arise from differences in spectral transfor-
mation, the use of raw absorbance instead of properly treated
diffuse reflectance data, variation in Tauc fitting range, or dif-
fering assumptions regarding the transition type. As shown in
the Tauc plots of the present ferrite system, the energy bandgap
value of the synthesized Mn Ni;_,Fe,O4 nanostructured powders
decreases with the increase of manganese ion content in every
step of x, indicating the effect of substituents in the change of

ohy’ (eV em™)

50

40

30

Eg=1.18¢V

0 1 1
1.5 2.0

Energy (eV)

the structure of the basic lattice with increased lattice strain and
altered cation inversion, as evidenced by systematic XRD peak
broadening [33].

The observed shift in Eg with increasing Mn content cor-
relates directly with the XRD-derived crystallite size reduction
and lattice expansion. Several mechanisms contribute to this
phenomenon: (i) Mn?* (3d%) introduces additional d-electrons
that create impurity bands or donor levels near the conduction
band minimum, narrowing the effective gap; (i) larger Mn?*
ions increase the lattice constant, reducing Fe-O bond cova-
lency and altering crystal-field splitting; and (iii) compositional
tuning of cation inversion between A-site (tetrahedral) and B-
site (octahedral) modifies Fe3*—0%" charge-transfer transitions,
which dominate the valence-to-conduction band excitation [34].
In nanocrystalline ferrites, crystallite size reduction is also often
accompanied by increased strain and defect concentration, which
may contribute to the apparent narrowing of the optical bandgap.
Therefore, the present results are interpreted as evidence of a
composition-dependent structural-electronic response rather than
as proof of a single dominant mechanism.
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The direct correlation between decreasing crystallite size
and narrowing bandgap further highlights the synergy between
synthesis control and functional property optimization in auto-
combustion-derived nanomaterials. This composition-tunable
bandgap (1.18-1.58 eV) indicates the potential for applications
in visible-light photocatalysis, photoelectrochemical cells, and
energy-efficient optoelectronic devices.

4. Conclusion

The nanocrystalline ferrite powders of Mn?*-substituted
nickel ferrites were successfully prepared by the auto-combustion
method to investigate their structural and optical properties. The
crystal structure, phase formation, and crystallite size of the final
products were determined by XRD measurement. The optical
properties and energy bandgap values determined by UV—Vis.
DRS analysis of the samples are within the values of semiconduc-
tors that confirm the synthesized Mn—Ni ferrites possess potential
optical properties and can be used in semiconductors. These find-
ings demonstrate effective structure—optics engineering in Mn-Ni
ferrites for energy and environmental technologies.
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