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Abstract

This work assessed the potential of bismuth manganese oxide composite ceramic for optoelectronic
applications by methodically examining its structural, vibrational, and optical characteristics. X-ray
diffraction (XRD) spectroscopy provided the coexistence of Bii2MnOxo (sillenite-type) and BixMn4O1o
(mullite-type) phases, indicating a deviation from the ideal perovskite structure and suggesting a complex
crystallographic nature influencing its functional properties. Fourier transform infrared (FTIR) spectroscopy
confirmed the modes of vibration of Bi—O and Mn—O bonds that were contained, supporting the structural
composition. UV-Vis-NIR spectroscopy demonstrated strong optical absorption in the 300 nm to 800 nm
range, affirming the suitability of the material for optoelectronic applications. The bandgap energy
was determined to be 3.091 eV, with Tauc's analysis revealing direct transitions at 0.66 eV and 5.15 eV
and indirect transitions at 1.11 eV and 5.17 eV, suggesting multiple electronic absorption mechanisms.
The Urbach energy of 3.34 eV indicated significant structural disorder due to composite nature and lattice
distortions. Additionally, extinction coefficient and penetration depth analysis confirmed strong light-
matter interaction, reinforcing potential properties for optical coatings, photodetectors, and energy-

harvesting applications.

1. Introduction

Transition metal oxides with perovskite structures have been
widely studied because of their remarkable magnetic, structural, and
electrical characteristics. Strong interactions between the degrees
of freedom for spin, charge, and lattice in these materials result in
remarkable physical properties such as multiferroicity, magneto-
resistance, and superconductivity. Among them, bismuth-based
perovskites have gained considerable interest in their potential
applications in multipurpose electronic devices, owing to the unique
stereo chemical activity of Bi** ions, which induces structural distortions
and enhances their electronic properties [1,2]. Many lead free ceramics
were also used in electronic and multifunctional devices [3-8].

Bi12MnOxyo is a sillenite-type manganese bismuth oxide featuring
a cubic 123 crystal structure formed by Mn*"O4 tetrahedrons within a
bismuth-oxygen matrix, with a typical lattice parameter near 10.15 A
and possible coexistence with BiMn2Os under certain synthesis
conditions [9]. The material’s band gap of about 1.66 eV and strong
light absorption across UV, visible, and near-infrared regions make
it especially attractive for photocatalysis—including visible-light-
driven water splitting and pollutant removal—arising from O 2p—
Mn 3d orbital hybridization [10]. Hierarchical microparticles built
from nanocubes have enhanced microwave absorption, supporting
optoelectronic and photonic applications. Bii2MnO2 also shows
superparamagnetic behavior at the nanoscale, as well as Arrhenius-
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type electric relaxation and small polaron hopping conduction with
activation energies near 0.4 Ev [11]. Electrical properties include
pronounced dielectric dispersion and non-ferroelectric relaxation,
differentiating it from conventional bismuth oxides and enabling sensor
and composite device possibilities. Synthesis options such as high-
temperature solid-state reactions and low-temperature soft-chemical
or hydrothermal routes allow morphology control for device integration.
Overall, its combined crystal, electronic, and optical properties propel
Bi12MnO2 as a multifaceted material for renewable energy, sensors,
environmental remediation, and advanced electronics [12].
BixMn4Oyo is a complex layered manganese bismuth oxide notable
for its distorted and asymmetrical coordination around bismuth atoms,
which is mainly caused by the stereochemically active 6s” lone electron
pair on Bi. This lone pair contributes to crystal lattice distortions that
strongly influence the material’s electronic and magnetic properties.
Structurally, Bi2Mn4O10 has a unique arrangement of MnQOs octahedra
interconnected in layers, which gives rise to interesting antiferro-
magnetic transitions and magnetic behaviors. These magnetic properties
can be further tuned by doping with elements such as chromium and
cobalt, which modify magnetic ordering and electrical conductivity,
demonstrating the material’s potential for magnetic and electronic
applications. Synthesized typically by solid-state reactions at high
temperatures, this material’s phase purity and composition can be
controlled to optimize physical properties. The combination of bismuth’s
lone pair-driven distortion and manganese’s magnetic interactions
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results in electrical resistivity variations, metamagnetic transitions,
and spin reorientation phenomena, making Bix2Mn4O10 a promising
candidate for multifunctional electronic, magnetic, and sensor devices.
Its distinctive structure-function relationship places it among advanced
layered oxides with potential in next-generation magnetoelectronic
components and novel ceramic materials [13,14].

Combination of BiizMnO20—Bi2Mn4O10 phase may also contributes
towards optoelectronic and many related device applications. In this
work, we aim to bridge this gap by conducting a systematic structural
and optical investigation of bismuth manganese oxide composite
ceramic material (BiizMnO20-Bi2Mn4O10). We examine its optical
response and crystallographic characteristics using Fourier transform
infrared (FTIR) measurements, UV-Vis spectroscopy, and X-ray
diffraction (XRD). By correlating its structural characteristics with
optical behaviour, this study seeks to provide new insights into its
electronic transitions, absorption characteristics, and suitability for
multifunctional optoelectronic and magneto-optical applications.
This research will not only enhance the fundamental understanding
of the composite but also pave the way for its integration into next-
generation optoelectronic devices.

2. Experimental analysis

The material BiixMnO20-Bi2Mn4O1o phase was synthesized using the
high-temperature ceramic fabrication method known as solid-state
reaction (SSR). High-purity Bismuth(IIl) Oxide (Bi203) (99.5%) and
Manganese Oxide (MnOz2) (99%), sourced from M/S Loba Chemie
Co., were subjected to extensive dry grinding for 4 h, followed by wet
grinding with ethanol for to get a uniform mixture, using an agate
mortar and pestle for 2 h. The uniform powdered sample was then
placed in a preheated high-temperature muffle furnace at 850°C for
5 h (heating rate: 3°C-min™") inside a high-purity alumina crucible
with a cover. This calcination step facilitated the decomposition of
starting reagents and the removal of volatile substances. Prior to X-ray
diffraction (XRD) analysis, the calcined mixture was further ground
(dry and wet) to improve homogeneity and reduce grain size. The XRD
pattern was obtained across a wide range of Bragg angles (20° <260

Mixing of Bi,0; & MnO,

Dry grinding for 4 hours

Wet grinding with
methanol for 2 hours

Calcination with 850 °C for
5 hours

Crushed and go for XRD &
FTIR Spectroscopy

Pelletization and Sintering
at 900 °C for 4 hours

Disk shaped pellet
S == Go for UV Spectroscopy

Figure 1. Process flow of SSR method of Bi;,MnO,,—Bi-MnsO,y sample.
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< 80°) using a Rigaku Ultima Japan diffractometer with Cu Ko radiation
(L=1.5405 A). Phase identification and structural analysis, including
the determination of the crystal system, unit cell lattice parameters,
and Miller indices, were performed using X'pert Highscore software.
After confirming the successful formation of BiMnO;3 via XRD, the
material was subjected to FTIR spectroscopy (FT/IR-4600 spectrometer)
and pelletization. A portion of the sample was compacted using a KBr
hydraulic press at 4 x 106 N-m2 of pressure for approximately 4 min
to 5 min to form cylindrical pellets that are 12 mm in diameter and
1 mm to 3 mm thick. These pellets were then sintered in a covered
alumina crucible at 900°C for 4 h. The properties of the material were
then assessed using a variety of characterizations on the sintered,
closely packed pellet. Furthermore, The UV-Vis spectroscopy (V-670
spectrophotometer) was used to examine the optical characteristics
of the powdered sample. Figure 1 demonstrates the process flow for
this experimental work.

3. Results and analysis

3.1 Structural study

The diffraction pattern that was recorded is displayed in Figure 2(a).
was analyzed using X'Pert HighScore software, where the peak positions
and intensities were compared with conventional reference patterns
to determine the crystalline phases present in the sample. XRD analysis
of the synthesized sample revealed the presence of multiple phases.
The primary phase was identified as BizaMnO2o (Reference code:
00-045-0276), with a majority of the detected peaks aligning with its
standard diffraction pattern. Additionally, a secondary phase, BMn4O10
(Reference code: 00-027-0048), was observed, contributing to a smaller
fraction of the overall diffraction peaks. The presence of these secondary
phases suggests that the synthesis process led to partial phase segregation,
potentially due to thermal decomposition at elevated temperatures.

The crystallite size and microstrain were estimated using the
Williamson-Hall (W-H) approach [15]. The technique is predicated
on the idea that both finite crystallite size and lattice strain contribute
to the widening of X-ray diffraction (XRD) peaks. The following
relation provides the total broadening (f) of the diffraction peaks:

feosd = = +4esing (1)

Where f is the full width at half maximum (FWHM) of the
diffraction peaks, 1 is the X-ray wavelength (1.5405 A for CuKa),
0 is the Bragg angle, ¢ is the micro-strain, and D is the size of the
crystallite. The crystallite size can be obtained from the y-intercept
and the microstrain of the slope by fitting the plot of fcosé versus
4¢ sind linearly. Figure 2(b) displays a linear trend in the W-H plot,
suggesting that both crystallite size and micro-strain influence peak
broadening. From the linear fit, the average crystallite size was found
to be 25.99 nm, suggesting the nanoscale crystallinity of the sample.
The calculated micro-strain was —0.00588, indicating slight lattice
contraction. The negative strain value suggests that material presence
compressive lattice strain. The presence of micro-strain can influence
the functional properties. Further refinement of synthesis parameters,
such as calcination and sintering conditions, may help reduce lattice
strain and improve phase purity.
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Figure 2. (a) X-ray diffraction pattern (red circles: B;2MnO» and green squares: Bi,Mn4O)), and (b) Williamson- Hall plot.
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Figure 3. FITR spectra of Bi;;MnO;—Bi,Mn40,, sample.
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Figure 4. UV-VIS-NIR absorbance spectra versus wavelength of the synthesized
sample.

3.2 FTIR study

Figure 3 illustrates the vibrational modes of the functional groups in
the synthesized sample, which were examined using FTIR spectroscopy.
This technique provides crucial insights into the bonding structure

and phase composition of metal oxides, enabling the identification
of characteristic absorption bands [16]. The FTIR spectrum aids in
confirming the structural integrity of the material while also detecting
the presence of secondary phases, moisture, and residual precursors
[17]. A broad absorption band observed at 3848 cm™' corresponds
to the stretching vibrations of hydroxyl (O—H) groups, which likely
originate from adsorbed moisture on the surface of the sample [18].
The presence of a peak at 2361 cm™ is associated with CO2 absorption
from atmospheric exposure during sample handling [19]. Additionally,
the absorption feature at 2341 cm™! suggests the presence of carbonate
groups, potentially formed due to residual precursors or environmental
interactions [20]. The asymmetric stretching of nitrate (NO*") groups
is responsible for the peak at 1384 cm™, suggesting potential synthesis-
related residues [21]. Another notable absorption band at 1016 cm™
corresponds to Mn—O stretching vibrations, confirming the presence
of metal-oxygen bonds, a crucial signature of perovskite-type oxides
[22]. The absorption at 717 cn is linked to Bi~O stretching vibrations,
which is a characteristic feature of bismuth-based oxides and supports
the formation of the sample [23].

In the lower wavenumber region, the bands at 602 cm™, 521 cm™,
and 495 cm™! correspond to Bi—O and Mn—O stretching modes,
confirming the structural framework of the sample [24]. These
observations align well with previous studies on Bi- and Mn-based
perovskite oxides [25]. The minor peaks at higher wavenumbers
suggest the presence of residual moisture, carbonate, or nitrate groups,
which could have been introduced during synthesis or sample storage
[26]. Overall, the FTIR analysis confirms the formation of Bij2MnO20—
Bi2Mn4O10 sample with distinct Bi—-O and Mn—O stretching bands
while also indicating minor contributions from secondary phases.

3.3 UV study
3.3.1 Optical absorbance and bandgap energy

Figure 4 presents the UV-Vis-NIR absorbance spectrum of the
synthesized material, displaying notable absorption across the ultraviolet
(UV) and visible (Vis) regions, extending up to approximately 800 nm.
This broad absorption suggests as an effective photocatalyst under
both UV and visible light irradiation. The characteristics align with
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previous studies on bismuth manganese oxide samples synthesized
via hydrothermal methods, which also reported enhanced absorbance
in the 300 nm to 800 nm range [27]. Such optical properties highlight
suitability for applications in photo catalysis and optoelectronic devices.

The thickness (d) and absorbance (A) were used to compute the
optical absorption coefficient (a) of the pallet using the following
law [28]:

_ 2303xA

- @

The « fluctuation and derivative behaviour, do/d\ with A, are shown
in Figure 5(a-b). By applying the experimental technique, we may
determine the wavelength that corresponds to the band gap by figuring
out the smallest value of do/dA (Ey). The following formula is then used
to determine the band gap energy [29]:

N (3)

where ¢ is a constant i.e. 3 x 108 m's™!, h=4.135x 103 eV-sL.
We can determine the wavelength value A, which corresponds to
404.035 nm, from the curve do/dA. We determined the band gap (£y)
using Equation (3), and the result was £z =3.091 eV. Moreover, the
band gap value may also be inferred from the derivative plot of the
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reflectance measurement example, which is displayed in Figure 5(c)
[30]. It is interesting to note that, as shown in the inset of Figure 5(b),
the band energy Ey value derived from the maximum of the dR/dA
plot agrees well with the value determined from the do/dA spectra.
As stated [31,32], Tauc's theory was then used to compute the value
of Eg more accurately.
(ahv) = B(hv — Ey) 4)
Using Tauc's law, the band gap energy for the synthesized material
is now determined as follows:
(ah)'™ = p(hv — E,) 5)
where the photon energy is represented by /v, the bandgap energy
by E¢, and the degree of disorder in the molecule is described by f.

The exponent n represents different types of electronic transitions,
as shown in Table 1 below.

Table 1. Types of electronic transition.

Types of electronic transition n
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Indirect-allowed transition
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Figure 5. (a) Absorption coefficient () vs wavelength, (b) da/dA vs 4, and (c) dR/dA vs A.
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Figure 6. Plots of (a¢/#v)"? and (ahv)? versus hv in (a) direct allowed transition, and (b) indirect allowed transition, respectively.
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The Tauc's equations for direct and indirect transitions are shown
below.
For direct-allowed transition:

(ahn)"? = p(hv — E,) (6)

For Indirect-allowed transition:

(ahv)’ = B(hv— Ey,) 7

Here, we can determine the bandgap energy values for the above
electronic transitions. The values of which can be found by using the
linear regions of the below graphs plotted in Figure 6(a-b).

The optical properties of the composite were analyzed using
Tauc's method for different electronic transitions. The direct allowed
transition plot suggests two distinct bandgap values at 0.66 eV and
5.15 eV, while the indirect allowed transition reveals bandgaps at
1.11eV and 5.17 eV. These variations indicate the presence of multiple
absorption mechanisms, potentially linked to different electronic
states. The lower bandgap values correspond to intra-band transitions,
whereas the higher bandgap values align with fundamental electronic
transitions in the material. The observed transitions can be correlated
with 7—7* and n—7* transitions, where m—7* transitions arise due to
electron excitations within the same bonding-antibonding molecular
orbitals. In contrast, n—7* transitions occur due to electron movement
from a non-bonding state to an antibonding 7* state, influencing optical
absorption behaviour. Similar bandgap variations have been observed
in previous studies on bismuth manganite and related perovskite
oxides, demonstrating their tuneable electronic properties suitable for
optoelectronic applications [33-37].

Now, Equation (4) can be rewritten as follows:

(ahv) = In(B) + nIn(hv — E,) ®)

Considering the linear fit of [In (a4v) and In (hv — Eg)] curves for
both the transitions in Figure 7(a-b). The exponent value is close to

6.0
Eg=0.66 eV
5.5 - n=0.335
(a)
=
=
s
S50
—a— Direct allowed transition
Linear Fit
454
-1.00 -0.75 -0.50 -0.25 0.00 0.25 0.50
Ln(hv-Eg)

0.5 for our sample. The Bii2MnO20-BizMn4O10 sample consequently
displays a direct optical transition.

3.3.2 Urbach energy

The degree of impurities, disorganization, and flaws in a material
is measured by an optical parameter called the Urbach energy (Eu)
[38,39]. The following formula [40] can be used to determine this
parameter from the photon energy (4v):

a=aoexp () ©)

where E\ is the Urbach energy, and oo is a constant. We established
the following relationship by using the logarithmic function on
Equation (9).
Ino = Inay + (Z—:) (10)
One way to calculate Urbach energy (£u) is to fit the data linearly,
extracting the slope and taking its reciprocal, as shown in Figure 8.
The optical disorder in the sample was analyzed using Urbach
energy (Eu), which characterizes the exponential tail of the absorption
edge due to localized states in the bandgap. The slope of the plot In(a)
vs. photon energy (Av) was used to calculate the Urbach energy, which
came out to be 3.34 eV. This relatively high Eu suggests the presence
of significant structural disorder, possibly attributed to oxygen vacancies,
grain boundary defects, composite nature or lattice distortions within
the perovskite structure. The broadening of the absorption edge indicates
strong electron-phonon interactions and localized ionic states, which
can influence the optoelectronic properties of the material. Such
behaviour is consistent with previously reported Urbach energies in
disordered perovskite oxides, highlighting the role of composites in
governing the optical absorption characteristics of the material. Given
its optical absorption properties and electronic structure, BiizMnO2zo—
Bi2Mn4O10 holds potential for applications in photovoltaics, photo-
catalysis, and optoelectronic devices, where composite based absorption
can play a crucial role in tuning performance.
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Figure 7. (a) In (c¢hv), and (b) In (hv — Eg) vs In (chv) of the synthesized material.
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3.3.3 Extinction coefficient and penetration depth

The optical properties of Bii2MnO20-Bi2Mn4O\ are critical for
understanding its potential in optoelectronic and photonic applications.
Two important parameters that characterize light interaction with the
material are the penetration depth () and the extinction coefficient (k).

The strength of the absorption of incident light is described by
the extinction coefficient (k), which is correlated with the absorption
coefficient (o) [41]. It is given by:

k= 2a

41

an

where a is the absorption coefficient, and /4 is the wavelength of
incident light, which is determined from UV-Vis spectroscopy, 7 is
a mathematical constant (=3.1416).

The distance at which incident light intensity drops to 1/e of its
initial value is known as the penetration depth (0) [42]. It is
provided by:

1
6 = > (12)

Here, the absorption coefficient () is a critical parameter in
understanding the optical properties of materials, where a higher
extinction coefficient (k) indicates stronger optical absorption, while
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a greater penetration depth (d) corresponds to lower absorption.
Analyzing the extinction coefficient and penetration depth of the
Bi12MnO20-Bi2Mn4O10 system over varying photon energies offers
valuable insights into its optical behavior, as illustrated in Figure 9.
The extinction coefficient (k) exhibits strong absorption in the visible
spectral range, which gradually decreases toward the near-infrared
region, indicating electronic transitions that mainly govern these
absorption characteristics. The inverse relationship between o and &
highlights the material's ability to confine light within thin films,
recommending it for optical coatings and photonic devices. Furthermore,
the interaction between these optical parameters and the electronic
band structure suggests localized energy states within the material,
where increased extinction coefficients at specific energy bands
indicate enhanced light-matter interactions, which can be exploited for
nonlinear optical applications. The capacity to fine-tune penetration
depth is especially advantageous in designing Bi-Mn—O-based
optoelectronic devices such as photodetectors and solar cells, where
efficient photon absorption is paramount. These findings position
Bi12MnO20-Bi2Mn4O1p as a promising material for next-generation
energy harvesting and photonic applications, supported by its tailored
optical properties and strong light absorption capabilities.

4. Conclusions

In this study, the structural, vibrational, and optical properties of
Bi12Mn0O20-Bi2Mn4O10 have been thoroughly investigated. X-ray
diffraction (XRD) analysis confirms the presence of two distinct
crystallographic phases: BiizMnO2o (sillenite-type) and Bi2Mn4O1o
(mullite-type). The presence of Bii2MnO2o suggests potential photonic
applications, while Bi2Mn4O1o could contribute to catalytic and optical
functionalities. The W-H analysis reveals nanoscale crystallinity
(25.99 nm) in the sample, with a negative micro-strain (—0.00588),
indicating compressive lattice strain in the composite. FTIR spectroscopy
further supports the structural findings by identifying key vibrational
modes associated with Mn—O and Bi—O bonds. These characteristic
absorption bands validate the composition of the material and provide
insight into the bonding environment of the material. The UV-Vis-
NIR absorbance spectrum of Bii2MnO20-Bi2Mn4O1 exhibited strong
absorption in the 300 nm to 800 nm range, highlighting its potential
for photocatalytic and optoelectronic applications. The optical bandgap,
determined using various methods, was found to be 3.091 eV, while
Tauc's analysis revealed direct bandgaps at 0.66 eV and 5.15 eV and
indirect bandgaps at 1.11 eV and 5.17 eV, indicating multiple absorption
mechanisms due to electronic transitions and composite nature. Urbach
energy (Eu) was calculated as 3.34 eV, suggesting significant structural
disorder influenced by oxygen vacancies and lattice distortions. The
extinction coefficient (k) analysis confirmed strong absorption in
the visible range, while penetration depth () variations indicated its
potential for optical coatings and photonic applications. These findings
establish the material as a promising candidate for advanced opto-
electronic and energy-harvesting devices.
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