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Abstract

In this study, the dielectric and thermal properties of ceramic materials are examined to provide
the thermoelectric performance of 30B20s: 22.5V20s: 22.5M003: 15TeO2: 10Li20 samples that were
synthesized utilizing the melt-quenching process. Archimedes’ Principle was used to determine
the physical properties of the sample, showing a density of 3.07 g/cm?, and the molar volume of
the sample was measured at 39.35 cm®mol. Bragg’s law uses an X-ray diffractometer to analyze
the glass-ceramic structures. The FTIR spectroscopy spectra identified characteristic vibrations of
VOs, TeO4, BO4, and BOs units. The real part of the permittivity and the loss tangents were
investigated and shown on 1.65x10% and 0.083 at the frequency range of 1 MHz at room temperature
measurement. Thermal analysis such as thermogravimetry and differential scanning calorimetry was
investigated in the 25-800°C of the temperature range. Materials studied in this work can be
thermoelectric materials utilizing their dielectric and thermal characteristics.
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Introduction

Thermoelectric materials are capable of directly
converting heat into electrical energy and vice
versa. The thermoelectric properties of these
materials depend on their electrical and thermal
characteristics. An effective thermoelectric material
should exhibit high electrical power output and
low thermal conductivity. Glass-ceramics have
significant potential as thermoelectric materials due
to their ability to reduce thermal conductivity
through the formation of crystalline phases. Thus,
glass-ceramics hold promise for the development of
thermoelectric materials with thermal and electrical
properties for thermoelectric applications (Gonon
and Dupla, 2021). The investigation of the specific
composition  30B;03:  22.5V,05.  22.5M00:s:
15TeO,: 10Li20 in this study represents a novel
exploration, as this combination has not been
extensively studied previously, particularly in the
context of thermoelectric applications. The study of
its dielectric and thermal properties adds new
knowledge to the field of glass-ceramics. The
components in the glass matrix indicate the crucial
part of its properties. Boron oxide (B203) is known
for its excellent glass-forming ability and
contributes to the structural network, enhancing the
thermal and chemical stability of the glass (Rao
et al., 2008). Vanadium pentoxide (V20s) is an
essential component for semiconducting properties
and has been extensively studied for its role in
enhancing the dielectric properties and electrical
conductivity of glasses. Due to the some of the
infrared vibrational bands of the structural groups of
these ions sit in the same area as those of the BO3
and BOs structural units, it is envisaged that
vanadium ions will dissolve easily in the borate
glass matrices (Elalaily, and Mahamed 2002).
Molybdenum trioxide (MoOs) contributes to
forming non-bridging oxygens, which are crucial
for modifying the glass network and influencing the
thermal and dielectric behavior (Chowdari et al.,
1998). Tellurium dioxide (TeO,) improves
thermoelectric efficiency with low phonon energy
(Ibrahim et al., 2023). Lastly, lithium oxide (Li20)
is added to modify the glass network, enhancing
the electrical conductivity and thermal properties
(Dalal et al., 2015). The combination of these oxides
results in a complex glass network with unique
properties. This research addresses the ongoing
need for low-cost and efficient thermoelectric
materials.  The investigated glass-ceramic,
composed of readily available oxides, offers
a potential solution to the cost aspect. While the
direct thermoelectric performance is not thoroughly
evaluated in this work, the characterization of

thermal and dielectric properties lays the groundwork
for further exploration in this direction.
Additionally, this study provides insights into the
influence of each oxide component on the material’s
properties. This understanding can guide future
compositional modifications to enhance specific
properties, such as reducing thermal conductivity or
improving electrical conductivity, which are crucial
for thermoelectric applications. The Archimedes
Principle was utilized to calculate the physical
parameters, including density and molar volume.
X-ray diffraction (XRD) analysis using Bragg’s law
reveals the glass-ceramic structures, which are
crucial for understanding the crystallization
behavior and phase composition. The vibrational
bands of the structural groups of different ions
inside the glass network, which are described in the
wavenumber range of 500-4,000 cm™, are analyzed
with the FTIR spectrum. The material’s potential in
electronic applications was demonstrated by
determining its dielectric characteristics using an
LCR Meter in the frequency range of 10%-10° Hz.
Specifically, the real part of the permittivity (&) and
loss tangents (tan oJ) were detected. Thermal
analysis, including thermogravimetry (TG) and
differential scanning calorimetry (DSC), over
a temperature range of 25-800°C, provides
a comprehensive understanding of the material’s
thermal stability and thermal reactivity of the
material. These analysis are essential for
determining the suitability of the thermoelectric
material for high-temperature applications.

In conclusion, the melt-quenching method
was used to synthesize the 30B;0s;: 22.5V,0s:
22.5M003: 15TeO;: 10Li,O materials for the
evaluation of their thermal and dielectric
characteristics. The glass-ceramic oxide system is
aimed at exploring its potential as a thermoelectric
material. The characteristic combination of its
components, coupled with thorough characterization
offers insights into its applicability in thermoelectric
applications.

Materials and Methods

The glass-ceramic samples with the composition
305203: 22.5V205Z 22.5M003Z 15T902Z lOLIzO
were synthesized using the conventional melt-
quenching method, ensuring that the purity of all
chemical powders was at least 99.99%. The
powdered compound that had been weighed was
mixed in a porcelain crucible and melted for 1 h at
1,473 K in an electric furnace. At normal
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temperatures, the molten liquid was poured into
a graphite mold. The molded samples were then
put back into an electric furnace and annealed
at 473 K for 2 h. Using a variety of measuring
techniques, the samples were ready for examination
once they had cooled to about room temperature and
polished to the appropriate size for inspection with
various equipment. Using water as the immersion
medium and Archimedes’ principle, the density of
the sample was ascertained. Equation (1) uses this
number to get the molar volume.

Vp == @

where Vy, is the molar volume, My is molecular
weight or molar mass, and pgq is the density of the
sample. A portion of the glass-ceramic sample was
ground into powder for structural measurement
using X-ray diffraction using an instrument
Shimazdu XRD-6100 with Cu K& radiation
accelerated in a 20 range of 10-80 degrees. FTIR
spectroscopy (500-4,000 cm™) using Cary-630
FTIR Spectrometer. The sample was produced as
disks with a thickness of 1.0 mm to determine
the dielectric characteristics via an LCR Meter
(4284A Precision, Keysight, USA) with a frequency
range of 102 Hz-1 MHz. The prepared samples
were ground into powder for thermogravimetric
(TGA) and differential scanning calorimetric (DSC)
analysis. The report data of spectra shown in
the temperature range of 25-800°C was obtained on
a simultaneous thermal analyzer (STA 449 F3
Jupiter, NETZSCH, Germany).

Results and Discussion

The X-ray diffraction (XRD) method was used to
confirm the sample’s structure. The broad arc in
the 26 = 15° to 35° is characteristic of an amorphous
glass matrix. However, within this region,
we observed a subtle peak corresponding to the
diffraction peak of the LiV3Og phase, as referenced
from the standard crystal database (JCPDS No.
01-072-1193). Although the noise level makes it
difficult to identify using XRD alone, this peak at
20 = 28° indicates the formation of LiV3Og crystals,
as shown in Figure 1. These results are consistent
with the structure reported in the study of
Ramaraghavulu et al. (2012); they synthesized
LiV3Og ceramic powders to investigate their
structural and dielectric properties (Ramaraghavulu
et al., 2012) and found that the LiV30g phase
contributed to the intrinsic polarization mechanism
of the material, resulting in improved dielectric

properties. Archimedes’ Principle was used to
calculate the physical parameters, including density
and molar volume, which were found at 3.07 g/cm?3
and 39.35 cm3/mol, respectively.

In Figure 2, the FTIR spectrum shows various
transmission bands, indicating the presence of
different functional groups within the glass matrix.
The bands at 1,637, 2,263, 2,358, and 3,203 cm™ are
attributed to the O-H bending mode of vibration.
The broad band around 3202 cm™ suggests the
presence of hydroxyl groups (O-H), which can
influence the glass’s dielectric properties and
thermal stability due to their polar nature (Abo-Naf
et al., 2004; Quis et al., 2019). The band at 1,416
cm™' corresponds to the asymmetric stretching
vibrations of B-O bonds in BOs triangular units.
The 1,193 cm band indicates B-O bond stretching
vibrations from diborate groups, which alter the
structural and thermal characteristics of the BO.
tetrahedra (Marimuthu et al., 2009). The 1,088 cm
band is indicative of VOs polyhedra, while the
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Figure 2. FTIR spectrum of LiMoVBT glass-ceramic
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880 cm™ band is associated with V-O-V chains.
The 548 cm® band corresponds to the V=0 double
bond or the stretching mode of an oxygen atom
between three vanadium atoms. Although vanadium
ions can exist in the V2" and V3" states, they are
typically found in the V#* and V** states in glass
matrices. The low V#/V** ratio and electrical
conductivity, ranging from 1073 to 10 (Qcm)™?, are
characteristic of vanadate glasses, which are known
for electron hopping between V** and V** ions,
identifying them as n-type semiconductors (Rao and
Veeraiah, 2004; Srinivas et al., 2021). The 633 cm?
band indicates Te-O-Te bridges between four-
coordinate tellurium atoms [TeOs] (Ardelean et al.,
2000). Incorporating various metal oxides
influences the thermal stability and glass transition
temperatures, as observed in the DSC and TG
analyses.

The DSC and TG analyses provide crucial
insights into the thermal behavior and stability of
the glass oxide composite 30B,0s;: 22.5V,0s:
22.5M003: 15TeO,: 10Li0, which is essential for
its potential application in thermoelectric materials.
In Figure 3, the DSC analysis identifies several glass
transition temperatures (Tg) at 120°C, 290°C,
320°C, 470°C, and 550°C, indicating multiple
endothermic reactions.
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Figure 3. Thermal analysis of LiMoVBT glass-
ceramic

The transitions seen here signify a state change
from V** to V°* as a result of different structural
relaxations and rearrangements brought about by
the glass matrix absorbing heat. Examining at
a higher temperature causes modifications in the
neighboring bonds as well. This causes the material
to change from a stiffer to a more flexible condition
when the oxidation state goes from V** to V°*. The
absence of significant exothermic peaks suggests
that the material remains amorphous, without
undergoing crystallization or other heat-releasing

phase changes (Saiter et al., 2007). The TG analysis
reveals an initial mass loss of 5% at 150°C due to
the evaporation of adsorbed moisture. Above this
temperature, a gradual mass loss continues up to
800°C, with a total weight reduction of about 15%.
This indicates the release of structural water and
oxides. For AC measurements the dielectric
properties are shown in Figure 4.
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Figure 4. Dielectric properties of LiMoVBT glass-
ceramic a) Capacitance, b) Loss Tangent,
and c) The permittivity
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The capacitance (C) shows a decreasing trend
with increasing frequency at lower frequencies,
the dipoles have enough time to align with the
alternating field, resulting in higher capacitance.
As the frequency increases, the dipoles cannot keep
up with the rapid changes, leading to a decrease in
capacitance. This behavior indicates good dielectric
properties at lower frequencies, which is beneficial
for applications requiring high capacitance at low
frequencies. The loss tangent (zan ) also decreases
with increasing frequency, reaching a minimum
before slightly increasing at higher frequencies.
The loss tangent represents the energy lost in
the dielectric material. A lower tan o at higher
frequencies indicates lower energy loss and better
insulating properties. However, the low loss tangent
at higher frequencies suggests that the LiMoVBT
glass-ceramic with the LiV3Os phase indicated
low dielectric losses, making it suitable for high-
frequency applications (Ramaraghavulu et al., 2012).
The real part of the permittivity (¢') decreases as
the frequency increases due to the inability of the
dipoles to orient themselves quickly enough with
the applied field that was similar to the capacitance.
The high permittivity value at low frequencies
indicates strong polarization within the material,
which is desirable for capacitive applications, and
a comparison of the dielectric properties with
another research is presented in Table 1.

The loss tangent of LiMoVBT glass-ceramic is
significantly low at higher frequencies. This is
a significant advantage over materials, which may
exhibit a higher loss tangent and consequently
greater energy loss. The low loss tangent at high
frequencies suggests that LiMoVBT glass-ceramic
has superior insulating properties and minimal
energy dissipation, making it highly suitable for
high-frequency applications. The permittivity of
LiMoVBT glass-ceramic also decreases with
increasing frequency, aligning with the behavior of
typical dielectric materials. However, LiMoVBT
glass-ceramic may exhibit higher permittivity at
lower frequencies compared to other materials. This
higher permittivity at low frequencies is beneficial
for applications that require strong polarization and
high permittivity values. Considering both the
dielectric and thermal properties, the LiMoVBT
glass-ceramic shows potential as a thermoelectric
material. This material may efficiently convert

thermal energy into electrical energy while
exhibiting minimal energy loss. Additionally, its
thermal stability ensures effective performance in
high-temperature environments, making it a strong
candidate for various thermoelectric materials.

Conclusions

The glass-ceramic samples with the composition
30B,0s: 22.5V;50s: 22.5M00s: 15TeO,: 10Li,0
were synthesized using the conventional melt-
quenching method. The density and molar volume
are shown at 3.08 g/cm?® and 39.35 cm®mol,
respectively. The LiV3Os peak was investigated
by X-ray diffraction indicating the glass-ceramic.
FTIR spectra are shown in the bonding vibration of
the hydroxyl groups (O-H) where the presence of
broad bands around 3,202 cm! indicates the
existence of hydroxyl groups, which can affect
the glass’s dielectric properties and thermal stability
due to their polar nature. The DSC analysis
identifies several glass transition temperatures (Tq)
at 120°C, 290°C, 320°C, 470°C, and 550°C,
indicating multiple endothermic reactions. The TG
analysis reveals a total weight reduction of about
15% indicating the release of structural water and
oxides. The presence of crystalline phases, such as
LiVs0s, contributes to polarization mechanisms
within the material, increasing the dielectric
constant. This is because crystalline regions can
generate localized electric fields that interact with
the amorphous matrix, enhancing dielectric
permittivity.  Moreover, the  microstructure,
including the size and distribution of the crystalline
phases within the matrix, plays a crucial role in
determining the overall dielectric behavior. In the
results and discussion section, it was observed
that samples with a higher degree of crystallinity
exhibited a higher dielectric constant and lower
dielectric loss, indicating improved energy storage
capabilities. Strikethrough text
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