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Abstract: In the present study, undoped and 3% Ca-doped MnFe2O4 nanoparticles were synthesized via the
sol–gel auto-combustion method and characterized using XRD, Raman spectroscopy, FESEM, and UV-Vis
spectroscopy. XRD confirmed the formation of a single-phase cubic spinel structure, while Ca doping induced
crystallite size reduction and increased lattice strain. Raman spectra exhibited a shift of characteristic vibrational
modes toward lower wavenumbers, suggesting modifications in the local bonding environment and cation
distribution. FESEM observations revealed a reduction in particle size upon Ca incorporation. Optical studies
showed a significant decrease in the band gap upon Ca incorporation, attributed to defect-induced electronic
states and altered metal–oxygen interactions. The observed crystallite size reduction, strain enhancement, Raman
band shift, and band-gap narrowing demonstrate that low-level Ca doping effectively tailors the physicochemical
properties of MnFe2O4, highlighting its potential for advanced photocatalytic and optoelectronic applications.
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1 Introduction

Spinel ferrites are a fascinating group of
magnetic oxide materials, generally repre-
sented by the formula A2+B3+

2 O4. In these
materials, A2+ and B3+ cations settle into
the tetrahedral (A) and octahedral (B) sites
of a cubic lattice, each playing a unique
role. The way these cations are arranged
and how many of each type are present can
greatly influence the material’s structural,
magnetic, electrical, and optical behavior.
By carefully swapping out different cations,
scientists can fine-tune spinel ferrites to
meet the needs of a wide range of technolo-
gies [1], [2].

MnFe2O4, one of the spinel ferrites, has
drawn a lot of interest because it’s sta-
ble, affordable, and has a variety of useful
properties. The way it’s structured and its
magnetic and optical traits depend heav-
ily on how it’s made and the arrangement

of its cations. This is why researchers are
exploring how adding different ions to its
framework can tweak its crystal structure
and enhance its performance for various
applications [3], [4].

Doping of alkaline earth metal ions into
ferrite lattices has emerged as an effective
strategy for tuning their functional prop-
erties. In particular, Ca2+ ions are ex-
pected to induce significant modifications
in the structural and magnetic behaviour of
MnFe2O4 owing to their larger ionic radius
compared with Mn2+ ions. Calcium sub-
stitution can influence lattice parameters,
crystallite size, cation redistribution, and
magnetic exchange interactions, thereby al-
tering the overall performance of the mate-
rial. Previous studies have demonstrated
that Ca incorporation can effectively mod-
ify the magnetic and catalytic properties of
manganese ferrites [5], [6].

Among the various synthesis techniques
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available for ferrite nanoparticles, the
sol–gel method is widely preferred because
of its simplicity, low processing tempera-
ture, excellent compositional homogeneity,
and ability to produce nanoparticles with
controlled size and morphology. There-
fore, in the present work, Mn1−xCaxFe2O4

nanoparticles were synthesized using the
sol–gel route, and the influence of Ca sub-
stitution on their structural, morphological,
and optical properties was systematically
investigated [7], [8].

2 Experimental

2.1 Synthesis

Nano-crystalline Mn1−xCaxFe2O4 (x =
0.00 and 0.03) spinel ferrites were pre-
pared via citric acid–assisted sol–gel auto-
combustion method. For the prepara-
tion of 5 g of undoped MnFe2O4 sample,
5.55 g of manganese(II) nitrate tetrahy-
drate (Mn(NO3)2·4H2O) was dissolved in
50 ml of deionized water and magnetically
stirred at room temperature until a homo-
geneous solution was obtained. In paral-
lel, 17.87 g of iron(III) nitrate nonahydrate
(Fe(NO3)·9H2O), and 12.56 g of citric acid
(C6H8O7) were each dissolved separately in
100 ml of deionized water under continu-
ous stirring at room temperature to obtain
homogeneous solutions. The separately pre-
pared homogeneous solutions were mixed
and subsequently heated at 90◦C under con-
tinuous magnetic stirring, leading to grad-
ual solvent evaporation and the formation
of a uniform viscous gel. The obtained gel
was heated in an oven at 110◦C until the ini-
tiation of auto-combustion. The resulting
product was gently ground using a mor-
tar and pestle to obtain fine and uniform
MnFe2O4 nano powder.
For the preparation of 5 g of

Mn0.97Ca0.03Fe2O4 sample, 5.39 g
of Mn(NO3)2·4H2O and 0.16 g of
Ca(NO3)2·4H2O were dissolved separately
in 50 ml of deionized water. In addition,
17.91 g Fe(NO3)·9H2O and 12.58 g C6H8O7

were individually dissolved in 100 ml of
deionized water. The resulting solutions
were then processed following the same
sol–gel synthesis procedure employed for
the preparation of the undoped MnFe2O4

sample.
The obtained samples were calcined at
400◦C for 3 h to improve crystallinity, fol-
lowed by grinding into fine powders for sub-
sequent characterization.

2.2 Characterization details

The structural properties of the undoped
and 3% Ca-doped MnFe2O4 were investi-
gated using Bruker AXE D8 X-Ray diffrac-
tometer with Cu-Kα radiation (λ = 1.5406
Å). The obtained diffraction patterns were
used to determine phase purity, crystallite
size, and lattice parameters.
The vibrational properties and phase confir-
mation of Mn1−xCaxFe2O4 (x = 0.00, and
x = 0.03) samples were examined using an
HR 800 Jobin-Yvon spectrometer equipped
with a 50X objective.
The surface morphology and microstruc-
tural features of both samples were exam-
ined using Field Emission Scanning Elec-
tron Microscopy (FESEM, SIGMA 300
of Carl Zeiss Microscopy, Hamburg, Ger-
many).
The optical properties were evaluated us-
ing UV–Visible spectroscopy (SHIMADZU
UV-1800 Spectrometer).

3 Results and discussion

3.1 Structural analysis

The crystal structure and phase purity of
the synthesized spinel ferrite nanoparti-
cles were investigated using X-ray diffrac-
tion (XRD). The diffraction patterns of

undoped and Ca-doped manganese fer-
rite, Mn1−xCaxFe2O4 (x = 0.00 and 0.03),
recorded in the 2θ range of 15◦–80◦, are
shown in Fig. 1.
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Figure 1: XRD patterns of undoped and 3% Ca-doped MnFe2O4 nanoparticles.

The patterns exhibit well-defined and sharp
diffraction peaks at 2θ values of approx-
imately 30.33◦, 35.62◦, 43.25◦, 54.11◦,
57.32◦, and 62.96◦, which can be indexed
to the (220), (311), (400), (422), (511),
and (440) crystallographic planes of the

cubic spinel structure. All the observed
reflections are in close agreement with the
standard JCPDS card no. 74-2403 [4], [9],
confirming the formation of single-phase
MnFe2O4 without any detectable secondary
phases.

Figure 2: (a) Shift of the most intense diffraction peak, (b) crystallite size and unit cell volume of undoped,
and 3% Ca-doped MnFe2O4 nanoparticles.
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Furthermore, as shown in Fig. 2, the most
intense diffraction peak corresponding to
the plane (311) exhibits a slight shift to-
wards the lower 2θ values in the Ca-doped
sample compared to the undoped one. This
shift confirms the successful incorporation
of Ca into the spinel lattice without altering
the overall crystal structure.
The average crystallite size was calculated
using the Debye–Scherrer formula.

D =
kλ

βcosθ
(1)

Where D is the average crystallite size (nm),
k is the shape factor (≈ 0.9), λ is the X-ray
wavelength of Cu-Kα radiation (1.5406 Å),
β represents the full width at half maximum
(in radians), and θ is the Bragg diffraction
angle.

The interplanar spacing (d) was calculated
by using Bragg’s law:

d =
λ

2sinθ
(2)

The lattice parameter a of the cubic spinel
structure was calculated using the relation:

a = d
√
h2 + k2 + l2 (3)

The unit cell volume (V) for the cubic spinel
structure was calculated using the relation:

V = a3 (4)

The microstrain (ε) present in the crystal
lattice was calculated using the relation:

ε =
β

4tanθ
(5)

Table 1: XRD-derived structural parameters for undoped and Ca-doped MnFe2O4 nanoparticles.

Mn1−xCaxFe2O4 β (rad)
Crystallite
size, D (nm)

d-spacing
(Å)

Lattice
parameter,

a = b = c (Å)

Volume,
a3 (Å3)

Microstrain,
ε

x = 0.00 0.0194 7.507 2.5185 8.3529 582.7897 0.015096
x = 0.03 0.0232 6.277 2.5191 8.3549 583.2083 0.018059

Ca substitution in MnFe2O4 leads to a no-
ticeable increase in FWHM and microstrain,
accompanied by a reduction in crystallite
size and an increase in unit cell volume.
The decrease in crystallite size suggests that
Ca substitution suppresses crystal growth
due to lattice distortion. The observed in-
crease in lattice parameter and correspond-
ing unit cell volume arises from the substi-
tution of Mn2+ ions (ionic radius ≈ 0.83 Å)
by larger Ca2+ ions (≈ 1.00 Å), leading to
expansion of the spinel lattice. This lattice
expansion is consistent with the shift of
diffraction peaks towards lower 2θ values
in accordance with Bragg’s law [10], [11].
Furthermore, the increase in microstrain
reflects the presence of significant lattice
distortion arising from the ionic size mis-
match between Ca2+ and Mn2+ ions. The
substitution of larger Ca2+ ions induces

local strain fields and structural imperfec-
tions within the spinel lattice, which con-
tribute to peak broadening and an increase
in defect density.
The combined effects of lattice expan-
sion, reduced crystallite size, and enhanced
strain clearly demonstrate that Ca incor-
poration alters the structural characteris-
tics of MnFe2O4 by introducing lattice dis-
tortion and suppressing crystallite growth,
without altering the fundamental cubic
spinel framework.

3.2 Raman analysis

Fig. 3 shows the Raman spectra in
the wavenumber range of 175 to 700
cm−1 at room temperature of samples
Mn1−xCaxFe2O4 (x = 0.00 and x = 0.03),
fitted using Lorentzian functions.
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Figure 3: Raman spectrum of (a) undoped and (b) 3% Ca-doped MnFe2O4 nanoparticles.

The Raman spectra of both samples exhibit
five well-defined vibrational peaks, which
are characteristic of the spinel ferrite struc-
ture with Fd-3m space group, correspond-
ing to A1g, Eg, and 3F2g Raman-active
modes [12], [13], [14].

For the undoped MnFe2O4 sample (x =
0.00), these Raman-active modes are ob-
served at 214 cm−1 (F2g), 275 cm−1 (Eg),
382 cm−1 (F2g), 486 cm−1 (F2g), and 608
cm−1 (A1g), which closely match the ear-
lier reports on MnFe2O4 spinel structure,
indicating the successful formation of the
desired phase.

For the Ca-doped MnFe2O4 sample (x =
0.03), these modes are observed at 212 cm−1

(F2g), 271 cm−1 (Eg), 380 cm−1 (F2g), 485
cm−1 (F2g), 597 cm−1 (A1g). The Raman
spectra of the Ca-doped MnFe2O4 sample
exhibit a noticeable shift toward the lower
wavenumber (red-shift) region compared
to the undoped sample; however, the pres-
ence of all characteristic vibrational modes
confirms that the fundamental crystal struc-
ture remains preserved upon Ca substitu-
tion.

In pure MnFe2O4, a partially inverse spinel
structure is formed, where Mn2+ ions pre-
dominantly occupy tetrahedral (A) sites,
while Fe3+ ions are distributed between
both tetrahedral and octahedral (B) sites.
A small fraction of Mn2+ also resides at

B-sites due to partial inversion.
Upon Ca2+ substitution at the Mn site, a
significant modification in cation distribu-
tion occurs due to the larger ionic radius
of Ca2+ (∼1.00 Å) compared to Mn2+ (∼
0.83 Åin octahedral coordination). Due to
its larger ionic radius and its preference
for higher coordination, Ca2+ ions prefer-
entially occupy the octahedral (B) sites
rather than the tetrahedral sites. This re-
sults in a decrease in Mn2+ occupancy at
B-sites and a relative increase in Fe3+ mi-
gration toward tetrahedral sites to main-
tain structural stability. The incorporation
of Ca2+ induces lattice expansion and dis-
torts the octahedral framework, weakening
the metal–oxygen bonds and reducing the
bond force constant. Consequently, the vi-
brational frequencies of the lattice decrease,
giving rise to a systematic red shift in the
Raman spectra without altering the funda-
mental spinel structure.

3.3 Surface morphological analysis
by FESEM

The surface morphology of the undoped
and 3% Ca-doped MnFe2O4 samples was
examined using field emission scanning elec-
tron microscopy (FESEM). The correspond-
ing FESEM micrographs in Fig. 4(a) and
(b) exhibit significant differences in surface
morphology between the two samples.
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Figure 4: FESEM images of (a) undoped and (b) 3% Ca-doped MnFe2O4 nanoparticles.

The undoped MnFe2O4 sample exhibits a
comparatively larger particle size with a
compact and clustered morphology. In con-
trast, the 3% Ca-doped sample shows a sig-
nificant reduction in particle size along with
a more porous and loosely packed structure.
This variation in morphology can be at-
tributed to the incorporation of Ca2+ ions,
which induce lattice distortion and hinder
the normal grain growth process during
synthesis. Consequently, the suppression
of particle growth leads to finer particles

and enhanced porosity, which in turn in-
creases the effective surface area and the
availability of active sites.

3.4 UV-Visible Absorption and Op-
tical Band Gap Analysis

Fig. 5(a) displays the UV–Visible absorp-
tion spectra for undoped and 3% Ca-doped
MnFe2O4 nanoparticles measured over the
200–1000 nm wavelength range. Fig. 5(b)
presents the corresponding Tauc plots.

Figure 5: (a) UV–Visible absorption spectra and (b) corresponding Tauc plots of undoped and 3%
Ca-doped MnFe2O4 nanoparticles.
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Both samples exhibit strong absorption in
the visible region, confirming their semi-
conducting nature [15]. The Ca-doped
sample shows a noticeable enhancement
in absorption intensity, indicating higher
photon absorption compared to the un-
doped sample. In MnFe2O4, Mn2+ ions
preferentially occupy the tetrahedral (A)
sites, and their substitution by larger Ca2+

ions introduces lattice distortion and lo-
cal structural disorder. This substitution
modifies the Fe3+-O2−-Fe3+ and Mn2+-O2−-
Fe3+ superexchange interactions, leading
to changes in the electronic structure and
enhanced charge transfer transitions. Con-
sequently, the increased density of local-
ized states and improved orbital overlap
enhance the probability of photon-induced
electronic transitions, resulting in stronger
absorption.
The optical band gap of undoped and 3%
Ca-doped MnFe2O4 nanoparticles was de-
termined using the Tauc relation

(αhv)n = A(hv − Eg) (6)

Where α is the absorption coefficient, (hv)
is the photon energy, (A) is a constant,
and (Eg) is the optical band gap. The (Eg)
values were obtained by extrapolating the
linear region of the (αhv)2 versus (hv) plot
to the photon energy axis. As shown in Fig.
5(b), the optical band gap decreases from
1.49 eV for the undoped MnFe2O4 sample
to 1.25 eV for 3% Ca- doped MnFe2O4 sam-
ple, indicating that Ca incorporation mod-
ifies the electronic structure and narrows
the band gap.
The presence of Ca2+ modifies the local
electronic environment and promotes the
formation of defect states within the band
structure. These defect levels serve as inter-
mediate energy states, thereby narrowing
the energy gap between the valence and con-
duction bands. Additionally, cation redis-
tribution between tetrahedral and octahe-
dral sites alters the Fe–O–Fe and Mn–O–Fe
superexchange interactions, further influ-
encing the electronic band structure. As
a result, the Ca-doped MnFe2O4 sample
exhibits enhanced electronic transitions at

lower photon energies, leading to the ob-
served decrease in optical band gap.

4 Conclusion

Undoped and 3% Ca-doped MnFe2O4

nanoparticles were successfully synthesized
via the sol–gel auto-combustion method.
Ca incorporation preserved the single-phase
spinel structure while reducing the crystal-
lite size from 7.507 to 6.277 nm and in-
creasing the lattice strain from 0.015096 to
0.018059. The Raman red shift and FE-
SEM results confirmed lattice distortion
and particle-size reduction induced by Ca
substitution. Furthermore, the significant
decrease in optical band gap from 1.49 to
1.25 eV demonstrates effective band-gap
engineering and enhanced visible-light ab-
sorption.
The synthesized Ca-doped MnFe2O4

nanoparticles show enhanced structural
and optical properties, particularly a de-
creased optical bandgap that may improve
visible-light absorption. These characteris-
tics indicate that the material has poten-
tial for photocatalytic applications, such
as the degradation of organic pollutants
in wastewater. Further studies will be
conducted to evaluate its photocatalytic
performance.
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