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and Mn), and environment friendliness characteristics suggest
the effectiveness of CMOs toward photocatalytic applications.6
The common techniques for synthesizing CMOs include sol−
gel, hydrothermal, and electrospinning methods, which rely on
solution-based processes. However, the reliance on organic
solvents poses significant environmental risks, especially with
increased industrial and commercial demand. To minimize or
eliminate these risks, solid-state synthesis methods have been
adopted. These involve mixing Ca and Mn precursors in
specific stoichiometric proportions and subjecting them to
high-temperature heating. This approach not only addresses
ecological concerns but also ensures cost-effectiveness for
large-scale applications.4

Photocatalysis is a process where a photocatalyst absorbs
light (usually UV or visible light) and generates reactive
species (like hydroxyl radicals, OH•) that breakdown organic
pollutants, including dyes, into harmless products such as
water, CO2, or simpler compounds.7 Titanium dioxide (TiO2)
and zinc oxide ((ZnO) are extensively used as effective
photocatalysts owing to stability, low cost, and enhanced
photocatalytic performance under UV light. As a result of their
wide band gap energy of 3.2 eV, TiO2 and ZnO cannot be
activated by visible light. In contrast, MnO2 with a narrow
band gap energy (1−2 eV) can operate within the visible
spectrum of solar energy, offering a suitable choice as a
heterogeneous semiconductor photocatalyst for organic dye
removal. Notably, manganese-based perovskites are considered
nontoxic, oxidatively stable, and composed of abundant base
materials, making inorganic−organic perovskite materials more
attractive for application in catalytic processes.8

Numerous studies have been conducted on CaMnO3 single
perovskites, like microstructure study by Nurhaziqah et al.
2020,9 and soft chemistry synthesis of CMO powders and films
having optical band gap value 1.1−1.2 eV by Macan et al.
2020.10 Also, CaMnO3 has been used as a novel anode material
for superior efficiency and stability in lithium-ion storage
(Chang et al. 2020).11 All authors have reported the
orthorhombic perovskite having space group ����, which
aligns closely with the standard structure of CaMnO3.12

According to the authors’ knowledge, photocatalytic studies
have focused on MnO2-based compounds and pure CaMnO3
single perovskite for organic dye degradation. However, a
thorough analysis of the structural and optical properties of
CMO double perovskites using nondestructive methods
remains unexplored. Additionally, the magnetic properties of
calcium manganite double perovskite (DP) are yet to be
investigated.

This research focuses on investigating the structural and
optical properties of the Ca2Mn2O6 compound, synthesized
through a solid-state method under solvent-free conditions
with an emphasis on economic viability. The study
demonstrates how the band gap and Urbach energy influence
on accelerating the photocatalytic mechanism in dye
degradation. Also, room temperature (RT) photoluminescence
studies are conducted to get a detailed understanding of the
optical behavior. Furthermore, the paramagnetic nature of the
compound is examined and thoroughly discussed.

2. EXPERIMENTAL DETAILS
2.1. Ceramic Preparation. Ca2Mn2O6 ceramic was

produced using the solid-state reaction method with calcium
carbonate (CaCO3) (99.5%) and manganese dioxide (MnO2)
(99.5%) sourced from M/S Loba Chemicals Co., Pvt., Ltd.,

serving as starting materials. The reaction equation for the
synthesis is stated below:

+ = +2CaCO 2MnO Ca Mn O 2CO3 2 2 2 6 2 (1)

Based on the stoichiometry composition, precise quantities
of carbonate and oxide compounds were measured and
thoroughly blended in a mortar. The mixture was first crushed
in a dry environment (air) and then in a wet medium
(methanol) for 4 h to reduce the particle size to the microscale,
facilitating atomic fusion for the solid-state reaction. The
resulting powdered material was placed within an alumina
crucible and heated inside the electric furnace chamber at 1300
°C for 12 h under ambient air conditions. After natural cooling,
the calcined sample, typically in lump form, was reground into
fine particles. Poly(vinyl alcohol) (PVA) was added as an
organic binder to the fine powder. The binder was later
eliminated during the sintering process. Small pellets (∼12 mm
in diameter and ∼2 mm in thickness) were formed using a KBr
hydraulic press under a pressure of 4 MPa and subsequently
sintered at 1350 °C for 12 h. The material was then cooled to
RT to obtain the final preferred product.

2.2. Characterization. The crystal structure of the
synthesized specimen was examined using X-ray diffraction
(XRD) with a PANanalytical X’pert PRO diffractometer (UK),
employing Cu−K� (� = 1.5406 Å). Data were collected over
Bragg’s angle of 20° to 80° with an incremental step size
0.02°/sec with a scan rate of 2°/min. The microstructure was
examined via field-emission scanning electron microscopy
(FESEM) using SUPRA, GEMINI 55 (Carl Zeiss, Germany)
operating under an accelerating voltage of 15 kV and fitted
with energy-dispersive spectroscopy (EDS). Raman and
Fourier transform infrared (FTIR) spectra were recorded
using a Renishaw in Via Raman spectrometer (UK) with a 532
nm laser and a Nicolet IS20 FTIR spectrometer (Thermo
Electron Scientific Instruments LLC, USA), respectively.
Optical properties of the material were assessed through
UV−visible diffuse reflection spectroscopy (DRS) using Cecil
instruments (UK, Model CE 3055 with Speclatron DRA) and
photoluminescence (PLE) spectroscopy within the 200−800
nm wavelength range using a spectrophotofluorometer.
Additionally, room-temperature magnetic properties (M−H
loop) were investigated by using a SQUID-VSM DC
Magnetometer.

3. RESULTS AND DISCUSSION
3.1. Structural Analysis. The X-ray diffraction method

was employed to analyze the phase identification and structure
of the synthesized bulk pellet sample of the Ca2Mn2O6 double
perovskite. Figure 1 illustrates the improved X-ray diffraction
(XRD) pattern of CMO DP recorded at RT, showcasing its
excellent crystallinity. The spectrum was analyzed using the
Rietveld refinement method, and the sharp, well-defined
intensity peaks were classified according to the FullProf Suite
Software. The Thompson-cox-Hastings Pseudo-voigt function
(TCH-PV) was employed to model the Bragg peaks.13

= +L 1 G(TCH PV) ( ) (2)

Here, G represents the Gaussian function and � denotes the
Lorentzian peak function, with � serving as the mixing
parameter. Based on the Rietveld refinement studies, the
prepared material exhibits a dual-phase structure, comprising
both orthorhombic and cubic phases with centro-symmetry
classified under the Hermann−Mauguin space groups ����
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(#62) and ���3� (#227), respectively.14 The orthorhombic
phase (cif no. 9003776) contributes 83%, while the cubic
phase (cif no. 1534078) accounts for 17%, forming the overall
structure of the sample. Table 1 provides details on the lattice

parameters and the reliability factors obtained from Rietveld
refinement, while Table 2 gives the atomic positions of
Ca2Mn2O6. Additionally, using the significant intensity peaks,
the crystallite size of the compound is determined via the

Williamson−Hall plot [Figure 2], which considers the total
line width (�). The strain broadening (� S) and size broadening
(� D), both of which vary with Bragg’s angle (�), are given as
follows:

=
k

D cosD (3)

And
= 4 tanS (4)

The Williamson−Hall (W−H) procedure is crucial as it
considers variations with both 1

cos
and tan �, unlike the

Scherrer equation, which depends solely on 1
cos

. This method
integrates the effects of microstructural factors, including
microstrain and reflection broadening, providing a more
comprehensive analysis of crystallite size and strain.15 Thus,
the total integral breadth of a Bragg peak can be determined
using the following expression:

= +S D (5)

Or,

= +
D

4 tan
k
cos (6)

Rearranging the equation,

= +
D

cos 4sin
k

( )
(7)

� represents the crystallite size average of the sample in
nanometers (nm), while 	 denotes the shape factor, typically
assigning a value of 0.9 (Scherrer Constant). The wavelength
of Cu−K� radiation (0.15406 nm) is denoted by �, and �
corresponds to the line broadening or Full Width at Half
Maxima (fwhm) of the diffraction peak. The diffraction angle
(�) is given in radians. By plotting � cos � against 4 sin �, the
y-intercept (

D
k ) and slope (�) of the fitted line allow the

estimation of a crystallite size of 149 nm and the lattice strain,
respectively.16 The W−H plot reveals a positive strain factor,
indicating the appearance of a tensile strain in the sample.
Tensile strain is induced in a material as a result of the

Figure 1. Rietveld refinement pattern of the CMO ceramic.

Table 1. Cell Parameters, Angles, and Reliability Factors
from Rietveld Refinements of the Compound

compound Ca Mn O2 2 6

crystal system
phase-1: ����
(orthorhombic) phase-2: ���3� (cubic)

cell parameters a (Å) 5.32015 8.41254
b (Å) 7.52160 8.41254
c (Å) 5.32814 8.41254

cell angles � 90 90
� 90 90
� 90 90

reliability factors 
 p 16.4

 wp 9.21

 exp 6.47
� 2 2.03

Table 2. Refined Atomic Positions of Ca Mn O2 2 6

phase-1: ���� (orthorhombic)

atom atomic position
� � 


Ca1 −0.00175 1 −0.00425
Mn1 0 0 1/2
O1 0.50844 1 −0.00083
O2 0.27062 −0.01835 0.72183
phase-2: ���3� (Cubic)
atom atomic position

� � 

Ca1 1/8 1/8 1/8
Ca2 1/2 1/2 1/2
Mn1 1/8 1/8 1/8
Mn2 1/2 1/2 1/2
O1 0.2563 0.2563 0.2563

Figure 2. Williamson−Hall plot for CMO ceramic.
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application of tensile stress, which causes the atoms to be
pulled apart, leading to the elongation of chemical bonds
beyond their normal lengths in an unstressed crystal. The
presence of tensile strain in the crystal can be detected from
the Raman spectrum through the band broadening.17

3.2. FESEM Analysis. Figure 3 depicts the surface
morphology of Ca2Mn2O6 pellets via the Field-Emission
Scanning Electron Microscope (SEM). FESEM image displays
a morphology composed of small and uniform grains with
small porosity. Grains are well interconnected and randomly
oriented with arbitrary distribution. Figure 3 also presents X-
ray mapping or compositional imaging, which determines the
elemental distribution within a specific area. The composi-
tional imaging of Ca2Mn2O6 depicts the spatial arrangement of
elements such as calcium, manganese, and oxygen, represented
in different colors, uniformly distributed across the grains. The
sample’s elemental composition is further confirmed through
the energy-dispersive X-ray spectrometer (EDX), as shown in
the corresponding figure. The quantitative analysis determines
the exact amounts of the constituent elements (Ca, Mn, and
O) in the sample. The elemental composition of the CMO
double perovskite, derived from the EDS study, is displayed
within the EDX spectrum image.

To further analyze grain size variation, IMAGE J software
was employed, and the results are depicted in Figure 4 as a
histogram. Derived from the Gaussian fitting analysis, the
average grain size, � Avg, was determined to be 76 mm, which
suggests that each grain is composed of multiple crystallites.

3.3. Raman Analysis. Raman spectroscopy, a noncontact,
nondestructive, inelastic scattering technique, is used to study
structural distortions in the material at the microscopic level.
Here, we have applied this method for monitoring micro-level
structural changes in manganite, especially to investigate the
Jahn−Teller effect. Ca2Mn2O6 exhibits the structure of double
perovskite (A2B2O6), with orthorhombic (����) symmetry
due to the tilts of the MnO6 octahedron.12 The sample shows
the presence of manganites in the mixed valence state (Mn3+/
Mn4+), when prepared in open air at high temperatures. Jahn−
Teller distortion is found because of one eg electron of Mn3+,
which signifies that the presence of an odd number of electrons
in the eg orbital results in either bond contraction or elongation

between these eg electrons and the surrounding ligands. As a
result of this distortion, broadening of Raman lines is seen in
the spectra.18

Figure 5 manifests the Raman spectra of Ca2Mn2O6 at RT in
the spectral region of 200−800 cm−1. The Lorentzian fitting of
the Raman spectra is employed to precisely pinpoint the peak
positions. Jahn−Teller (J−T) distortions are not expected in
Mn4+ ions within an octahedral coordination, as they possess
an orbital singlet (t2g

3 eg
0) ground state. In contrast, Mn3+ ions

exhibit a degenerate (t2g
3 eg

1) ground state, leading to
deformation of the MnO6 octahedral structure due to the
presence of J−T-active Mn3+ ions. J−T disorder can result in
either the elongation or contraction of Mn−O bonds within
the structure. It is observed from the Raman spectra of the
compound that two characteristic high intensity broad peaks
that emerged at 557 cm−1 and 727 cm−1 are due to the
vibrations of Mn4+−O6 and Mn3+−O6 octahedra, respectively.
This shows that J−T distortion is present in the lattice due to
the presence of Mn3+ along with Mn4+. In the literature, Wang
et al. found that in CaMn2O4, Mn remains in the Mn3+ valence

Figure 3. SEM microstructure, elemental mapping, and EDX spectrum of CMO ceramic.

Figure 4. Histogram mapping of the grains of CMO ceramic.
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state.19 Two characteristic peaks in the spectra demonstrate
the successful preparation of the Ca2Mn2O6 material.

Furthermore, Raman spectroscopy is sensitive to strain and
is therefore used to characterize the strain in materials. In the
figure, broadening of Raman peaks indicates the presence of
tensile strain in the material, what we have noticed in W−H
plot from X-ray diffraction results.17

3.4. Fourier Transform Infrared (FTIR) Analysis. The
infrared spectrum of the Ca2Mn2O6 sample was noted in the
mid-infrared range of 4000 to 400 cm−1, as illustrated in Figure
6.

The spectrum exhibits different bands, and it is revealed that
the bands at 471 cm−1 and 479 cm−1 correspond to the
bending mode of vibration, 	 b, which is attributed to the Mn−
O−Mn bonds. Another band, observed at ∼525 cm−1, is
associated with the stretching mode of vibration, 	 s, resulting
from the internal movement of Mn ions within the MnO6
octahedron.10 A strong band at 891 cm−1 represents the Ca−O
vibration bonds in the material.9 Furthermore, the peak at 972

cm−1 is likely due to CO2 absorption from the air,20 while a
weaker peak at 2162 cm−1 may originate from vibrations
induced by defects within the material.21 Therefore, the study
of FTIR analysis confirms the appearance of all constituent
elements of the compound and concludes that 	 b and 	 s modes
are influenced by octahedral distortion, which reduces
symmetry as a result of charge ordering or the Jahn−Teller
effect, which has been investigated through Raman analysis.

3.5. Optical Studies. To probe the optical properties of
Ca2Mn2O6, UV−visible analysis is investigated. At RT, Figure
7 illustrates the UV−visible absorption intensity as a function

of wavelength for the sample. From the graph, it is clearly seen
that good absorption takes place in the visible wavelength
range 400−700 nm.

The absorption edge identified at 455 nm corresponds to a
band gap value of 2.72 eV. Again, the optical absorbance gives
the relative information on the band gap, refractive index,
Urbach energy, and photocatalytic mechanism in the material.

� g (Optical band gap energy) is computed from Tauc’s
relation:

=h k h E( ) ( )n
g (8)

The absorption coefficient � is expressed as

= ×
A
D

E 2.303( )
(9)

The absorbance value is denoted by �, and � represents the
thickness of the sample. The energy of the photon is �	, and
the absorption constant is 	. 22 The “�” value varies depending
on the transition types: for a direct transition, � is 2 and for a
direct forbidden transition, n is equal to 2/3; for an indirect
transition, n is 1/2 and for an indirect forbidden transition, � is
equal to 1/3.23 Direct optical band gap for � = 2, obtained by
extending the linear section of the curve, is determined to be
2.72 eV (455 nm) [Figure 8].

This relatively small band gap favors visible-light absorption,
rendering the material particularly effective in photocatalytic
applications. In comparison, previous studies have shown that
calcium manganite single perovskite oxides exhibit an optical
energy gap of 1.1−1.2 eV, while MnO6 double perovskite
oxides have band gap values between 1 and 2 eV. Both types of

Figure 5. Raman spectra of CMO ceramic with Lorentz fit.

Figure 6. FTIR spectra of CMO ceramic.

Figure 7. UV spectra of CMO ceramic.
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oxides have been demonstrated to serve as good catalysts in
photocatalytic processes.24−26

Semiconductor’s refractive index (�), a key optical
parameter, is obtained from band gap estimations to evaluate
the potential use of the synthesized material in integrated
optical systems. The value of “�” is found from the Dimitrov
and Sakka equation:27

+
=

n
n

E1
2

1
20

2

2
g

(10)

where � g represents the direct energy gap for allowed
transitions. The obtained “�” value is approximately 2.47,
indicating that the material’s higher refractive index makes it
suitable for optoelectronic applications.

Another critical parameter, Urbach energy, is calculated for
understanding of structural disorders, defects, and optical
absorption in materials. Urbach energy refers to the width of
localized states (defect states) that exist within the band gap of
a material. It is associated with the “Urbach tail”, which is the
exponential tail in the absorption spectrum extending into the
band gap.28 Urbach energy is calculated using the exponential
equation:

=
i

k

jjjjj
y

{

zzzzz
h
E

( ) exp0
U (11)

where �(	) represents the absorption coefficient, � 0 is a
constant, �	 is the energy of the photon, and � U denotes the
Urbach energy. By plotting ln (�) vs �	, the reciprocal of the
slope of the linear fit gives the value of � U as 2042 meV [Figure
9].

Higher Urbach energy signifies more disorder and defect
states in a material, leading to a reduction in the band gap.29

Higher Urbach energy correlates with better photocatalytic
activity due to enhanced light interaction at defect sites. Also,
thermally induced disorder affects carrier mobility and optical
transitions.30

3.6. Photocatalytic Process Analysis. The fundamental
concept of photocatalysis involves the light-induced excitation
of a semiconductor, leading to the generation of an electron−
hole pair:

+

+ +

h

h

semiconductor

e conduction band (CB) valenceband (VB)
(12)

A photon energizes an electron, causing it to move from the
semiconductor’s valence band (VB) to the conduction band
(CB), thereby creating a “hole” (an electron vacancy) in the
valence band. In the span of femtoseconds, the excited electron
relaxes to the conduction band minimum (CBM), while the
hole moves to the valence band maximum (VBM). As a result,
the energy separation between them corresponds to the
semiconductor’s band gap. This means that the energy retained
within the photocatalyst from absorbing a single photon is
equal to the semiconductor’s band gap. From an electro-
chemical perspective, the total oxidative potential of the hole
and the electron’s reductive potential, equivalent to their
potential difference, match the band gap of the semiconductor.

Owing to structural disorder and defect states in the
material, the material exhibits increased Urbach energy,
corresponding to an increased degradation activity, which
corresponds to a minimization in the optical band gap.
Ca2Mn2O6 possesses a band gap of 2.50 eV, indicating its
ability to absorb blue light. So, the material is efficient under
solar illumination and does indeed work for water splitting.7

As solar light has energy larger than the � g of Ca2Mn2O6 on
its surface, a photocatalytic reaction is triggered. The electron
from VB progresses to the CB, thereby creating electron−hole
complexes; as a result, photogenerated holes and electrons
become trapped on the surface of a Ca2Mn2O6 catalyst, leading
to a series of redox reactions. Hydroxide radicals (OH•) are
generated when these holes and electrons react with hydroxyl
ions. The resulting free radicals (OH• and O2

−•) act as the
active species in the photocatalysis of Ca2Mn2O6, causing
degradation of the dye. Figure 10 illustrates the visual
depiction of the dye degradation process under light
irradiation.

The suggested mechanism for dye degradation includes a
sequence of reactions as follows:

+ * + +h hCa Mn O Ca Mn O (e )2 2 6 2 2 6 CB VB (13)

Figure 8. Optical band gap of CMO ceramic. Figure 9. Urbach energy plot of CMO ceramic.
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Here, *Ca Mn O2 2 6 is the energy-excited state of Ca2Mn2O6,
eCB

− is a photon-excited electron in CB, and � VB
+ is a photon-

generated hole in VB.
The photoexcited electrons carry enough reducing power to

reduce water, while the holes provide the necessary oxidizing
power to oxidize water, thereby completing the overall water
splitting process:

* + + ++ + ·hCa Mn O ( ) H O Ca Mn O H OH2 2 6 VB 2 2 2 6
(14)

* + ++ ·hCa Mn O ( ) OH Ca Mn O OH2 2 6 VB 2 2 6 (15)

* + + ·Ca Mn O (e ) O Ca Mn O O2 2 6 CB 2 2 2 6 2 (16)

And

+·OH (radical) dye degraded products (17)

+·O (radical) dye degraded products2 (18)

It is interesting to note that the recovery and reuse of this
photocatalyst can be done to prevent secondary pollution,
which suggests an obvious candidate material for industrial
applications.8

3.7. Photoluminescence Analysis. Photoluminescence
(PL) occurs when a material absorbs photons and then re-
emits them as light. The emitted light carries information
about the structure, defect levels, and charge carrier dynamics
in a material.31 PL spectroscopy is a powerful, nondestructive
optical technique, widely used to evaluate the photocatalytic
efficiency of materials. Lower PL intensity indicates better
photocatalytic performance due to reduced electron−hole
recombination. So to favor photocatalysis, the recombination
of the electron−hole pair should be minimized as much as
possible.32,33 Figure 11 presents the fitted PL spectrum
recorded at RT, which consists of 3 dominant peaks at 375,
425, and 555 nm. The spectrum exhibits emission in both the
UV and visible regions. The UV emission band at 375 nm is
related to the direct recombination of excitons in the calcium
manganite double perovskite.

The emission bands at 425 nm (violet-blue emission) and
555 nm (green emission) arise due to Mn3+/Mn4+ defect
states, oxygen vacancies, and cationic substitutions.28 The Mn
d-orbitals hybridize with oxygen p-orbitals, influencing the
charge transfer processes. PL spectroscopy also detects

hydroxyl radical (OH•) formation, which is crucial for
degradation of pollutants.29

3.8. Magnetic Analysis. An electron, a negatively charged
particle, orbits the nucleus while spinning on its axis,
generating a magnetic field. This spinning motion is
comparable to the movement of an electric current through
a closed circuit. Consequently, an unpaired electron acts as a
tiny magnet with a specific magnetic moment. When a material
containing unpaired electrons is exposed to a magnetic field, it
interacts with the magnetic field, experiencing an attractive
force and exhibiting a paramagnetic behavior. Unlike
ferromagnets, paramagnetic materials do not retain magnet-
ization after removal of the external field. This occurs because
thermal agitation due to the random motion of atoms disrupts
alignment once the field is gone. The magnetization’s
dependence on the applied magnetic fields, ranging from
−12 kOe to +12 kOe, shows a linear relationship, indicating
paramagnetic behavior at RT (Figure 12).

Structural distortions, octahedral tilting, Mn−O−Mn bond
angles, and distances in Ca2Mn2O6, significantly affect the

Figure 10. Pictorial representation of the photocatalytic mechanism
of Ca Mn O2 2 6.

Figure 11. PL spectra of CMO ceramic.

Figure 12. M−H graph of CMO ceramic.
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strength of superexchange interactions, leading to a para-
magnetic or weakly magnetic behavior. Calcium manganite
perovskites exhibit antiferromagnetism due to superexchange
(Mn4+−O−Mn4+) and double exchange (Mn3+−O−Mn4+)
interactions in the lattice and weak ferromagnetic behavior,
which is due to magnetic polarons explained by the Varma
model (detailed information can be found in the study of Oz et
al.18). In Ca2Mn2O6, Mn exits in the +4 oxidation state
(Mn4+). Mn4+ has an electron configuration: [Ar] 3d3. The
three unpaired 3d electrons in Mn4+ contribute to para-
magnetic behavior because unpaired electrons generate a net
magnetic moment.34 At high temperatures, thermal energy
disrupts magnetic ordering, so the Mn4+ ions do not have
strong enough interactions to form an ordered magnetic phase.
This results in narrowing the hysteresis in the M−H curve,
showing paramagnetic behavior, where magnetic moments
align randomly in the absence of an external field. Oxygen
deficiency in CaMnO3−
 leads to a partial reduction of Mn4+ to
Mn3+ (3d4 configuration) to maintain charge neutrality. Also,
the unpaired electrons of Mn3+ (3d4) introduce double
exchange interactions and induce weak ferromagnetic inter-
actions causing magnetic frustration effects (e.g., spin glass
behavior).35

4. CONCLUSIONS
In summary, this research introduced Ca2Mn2O6 as a novel
and efficient photocatalytic material, synthesized by powder
homogenization or the ceramic route. Through subsequent
characterization and experimentation, a doubly phase (ortho-
rhombic (83%) and cubic (17%)) crystalline material with
nonuniform grains having an average grain size of 5.9 �ms was
confirmed through XRD and SEM analysis. Raman inves-
tigations revealed the J−T distortions present in the lattice,
caused by Mn3+ and Mn4+ ions, indicated the presence of
tensile strain in the material, and infrared bands identified the
functional groups of CMO revealing Mn−O stretching
vibration at 525 cm−1 and Mn−O−Mn bending mode of
vibration at 479 cm−1. Optical studies using UV−visible
spectroscopy reveal higher Urbach energy, supported by PL
emissions in the visible region, which are attributed to defect
states. The low band gap (2.50 eV) enhances photocatalytic
activity under solar illumination by increasing the oxidizing
power of photogenerated holes. Furthermore, Mn4+ (3d3)
contributes to paramagnetic ordering of the compound at high
temperatures, because of unpaired electrons.

These findings emphasize the importance of Urbach energy
with a band gap value for the enhancement of photocatalytic
activity, and the excellent reusability characteristic expands the
scope of calcium manganese oxides in environmental and
energy-related applications.
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