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Abstract

Thermoelectric materials play a critical role in converting waste heat into
electricity, offering promising solutions for sustainable energy. This research is driven
by three key objectives. The first objective 'is to optimize the thermoelectric
performance of n-type CaMnO3 by integrating these modules into multi-layer concrete
bricks, thereby enhancing energy-harvesting capabilities in structural materials. The
second objective is toinvestigate the impact of ultra-high rGO content in C;,A;
composites, aiming to significantly improve electrical conductivity and achieve high
figures of merit (ZT). Finally, the third objective is to develop and apply Finite Element
Method (FEM) simulations to. model and optimize the heat and charge transport
processes in these systems, providing a robust computational foundation for their real-

world applications.

This thesis focuses on enhancing the thermoelectric conversion efficiency of
two key systems: n-type CaMnO3 modules embedded in multi-layer concrete bricks
and ultra-high rGO content composites of C;,A;-rGO. The first part of the research
investigates the performance of CaMnOg, a stable perovskite oxide, as an n-type

thermoelectric material for high-temperature applications. The integration of n-type



CaMnO3 modules into structural components, such as concrete bricks, enables energy
harvesting within building materials. FEM simulations were employed to optimize the
design and performance of the CaMnO3 modules, particularly focusing on the effects
of embedding these modules into multi-layered concrete structures to improve both
heat and charge transport. The results indicate that this novel integration significantly
enhances energy efficiency in modern building applications by improving the Seebeck
coefficient and power output, demonstrating the potential of these materials for

practical implementation in sustainable architecture.

The second part of the research explores the synthesis and characterization of
Cy1,A7-rGO composites with ultra-high content of reduced graphene oxide (rGO). C;,A;,
a calcium aluminate material, is known for its wide bandgap and excellent thermal
stability 'but has limited thermoelectric performance due to its low electrical
conductivity. To overcome this, rGO was incorporated into the C;,A; matrix to enhance
electrical conductivity while maintaining low thermal conductivity, which are key
parameters for improving the ZT. Through extensive characterization techniques,
including XRD, Raman spectroscopy, and SEM, the impact of rGO content on the
electrical and thermal properties was analyzed. The results reveal that increasing rGO
content up to 70 wt% leads to a threefold improvement in electrical conductivity and
a significant boost in the Seebeck coefficient, enhancing the overall thermoelectric
performance with ZT values reaching 0.7 at high temperatures. However, challenges
were observed in achieving homogeneity in rGO dispersion, and thermal conductivity
increased slightly: with higher rGO content, requiring further optimization to maintain

low thermal conductivity.

In conclusion, the integration of n-type CaMnO3 modules into multi-layer
concrete bricks, supported by FEM simulations, demonstrated that this system can
efficiently convert waste heat into usable electricity while maintaining the structural
integrity of building materials. On the other hand, the ultra-high rGO content in C;,A;
composites provided a promising pathway for boosting thermoelectric performance,
with a critical trade-off between electrical and thermal properties. The overall ZT
improvement observed in these materials highlights the importance of nanostructuring

and compositional optimization. By addressing the thermoelectric properties of both



CaMnO3-based modules and C;,A;-rGO composites, this thesis contributes to the
development of more efficient thermoelectric materials. The integration of
thermoelectric modules into structural components and the use of rGO to enhance
electrical conductivity in ceramic-based composites offer innovative pathways for
energy harvesting and waste heat recovery in both industrial and residential settings.
This research not only pushes the boundaries of thermoelectric material applications

but also contributes to the broader goal of achieving sustainable energy solutions.

Keywords: N-type CaMnOgz modules, C;,A=rGO composites, Multi-layer concrete
bricks, Finite Element Method
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Chapter 1

Introduction

1.1 Overview of thermoelectric materials

Thermoelectric materials are essential for converting temperature differences
into electrical energy. This conversion relies on the Seebeck, Peltier, and Thomson
effects. Thermoelectric materials are typically semiconductors because their band
structure allows for better performance compared to metals. In semiconductors, the
Fermi energy is below the conduction band, enabling-asymmetrical state density that
facilitates charge transport. On the other hand, metals have a symmetric state density
around the Fermi energy, which reduces their efficiency in thermoelectric applications.

The efficiency of thermoelectric materials is measured by the dimensionless

figure of merit (ZT), defined as ZT = (SZTG) T, where S is the Seebeck coefficient, o is
the electrical conductivity, T 'is the absolute temperature, and k is the thermal
conductivity.-A higher ZT value indicates better thermoelectric performance (Frontiers
in Electronic, 2021). Key properties of efficient thermoelectric materials include high
electrical conductivity, low thermal conductivity, and a high Seebeck coefficient. These
properties ensure efficient charge transport, maintain the necessary temperature
gradient, and maximize voltage generation from temperature differences.

Thermoelectric materials are increasingly important in energy harvesting and
waste heat recovery, providing sustainable solutions to improve energy efficiency. Their
ability to convert thermal gradients into electricity makes them essential components
in future energy systems, particularly in reducing environmental impact. Thermoelectric
systems, utilizing the Seebeck effect, can generate power for low-energy devices like
sensors and wearable technologies, eliminating the need for batteries [1, 2], continuous
power generation, harvesting ambient thermal energy, is especially valuable in Internet
of Things (IoT) applications, where autonomous sensor operation over long periods are
required [3, 4].

The most widely used thermoelectric materials include bismuth telluride
(BioTe3) and lead telluride (PbTe). Bix Teg is known for its favorable ZT values at room

temperature, making it suitable for various applications [5]. However, its performance



drops at higher temperatures, and concerns about the scarcity and toxicity of tellurium
limit PbTe large-scale use [6]. PbTe, on the other hand, is effective at higher
temperatures, up to around 900 K, making it ideal for industrial waste heat recovery.
However, its toxicity and high production costs also pose challenges for widespread

adoption.

1.2 Role of CaMnOg and C;,A;-rGO composites

Calcium manganese oxide (CaMnO3) has emerged as a promising n-type
thermoelectric material, especially for high-temperature applications. Its perovskite
crystal structure provides flexibility for doping and compositional adjustments, which
can improve thermoelectric performance. By controlling the oxygen content and
adding elements like niobium (Nb), the electrical conductivity and Seebeck coefficient
of non-stoichiometric CaMnO3 (CaMn03-6) can be optimized. Nb-doped CaMnO3 has
achieved a ZT of 0.32 at 800°C, showing potential for high-temperature use [7, 8]. Unlike
traditional thermoelectric materials that often contain toxic elements, CaMnO3 is
environmentally friendly, making it suitable for sustainable technologies. Thin films of
CaMnO3 can be created using sputtering techniques, which facilitates integration into
modern microelectronics [8]. However, despite recent progress, CaMnO3’s ZT values
remain lower than those of leading thermoelectric materials.

CioAy, or calcium aluminate, combined with reduced graphene oxide (rGO) is
gaining attention for its potential to enhance thermoelectric performance. Cy,A; has a
perovskite-like structure and excellent thermal stability, making it suitable for high-
temperature applications. Doping C;,A; with various elements can improve both its
electrical conductivity and Seebeck coefficient. However, pure C;,A; tends to have
lower ZT values compared to other thermoelectric materials, requiring further
optimization. A major challenge with C;,A;-based materials is balancing electrical
conductivity and thermal conductivity, as improving one often compromises the other.

Reduced graphene oxide (rGO) is derived from graphene oxide and has superior
electrical conductivity while retaining some oxygen functionalities. Its high surface area
and mechanical strength make it a promising candidate for composite materials. When
combined with other materials, rGO can significantly enhance the power factor of

thermoelectric composites. However, rGO’s relatively high thermal conductivity poses



a challenge for thermoelectric applications, where low thermal conductivity is
essential. Achieving uniform dispersion of rGO within a composite matrix is difficult but
crucial for optimizing performance. Combining C;,A; with rGO can create a synergistic
effect, where the electrical properties of rGO complement the structural benefits of
Ci,A7. Nanostructuring these composites can help scatter phonons, reducing thermal
conductivity without affecting electrical transport properties significantly.

The introduction of rGO significantly enhances the electrical conductivity of
Ci,A; composites. The Seebeck coefficient increases with higher rGO content, indicating
improved thermoelectric performance. This enhancement is attributed to the
increased density of free charge carriers facilitated by rGO [9]. While thermal
conductivity also increases with higher rGO content, careful optimization is necessary
to maintain a favorable balance between electrical and thermal conductivities for
optimal thermoelectric performance. The power factor (PF) and-the figure of merit (ZT)
are both temperature-dependent and increase with the amount of rGO incorporated
into the composite. These metrics indicate that higher rGO content can lead to better
thermoelectric efficiency (Chen and et al., 2022).

The demand for more efficient thermoelectric materials is increasing due to the
need for  sustainable energy solutions and waste heat recovery. Traditional
thermoelectric materials like BipTez and PbTe have limitations, such as narrow
operating temperature ranges and environmental concerns. While these materials
achieve ZT values of 0.8 to 1.0 at room temperature [9], their performance decreases
at higher temperatures. Recent research has shown that layered materials like half-
Heusler (hH) alloys can reach ZT values of 1.47 at 973 K by optimizing both composition
and design [10]. Nanostructuring techniques, which create superlattice structures, offer
a promising approach to improving both electrical and thermal properties, leading to

better overall efficiency in thermoelectric systems.

1.3 Integration of thermoelectric materials with structural materials
Integrating thermoelectric materials into structural components such as bricks
and concrete offers a new approach to energy harvesting and waste heat recovery.

This integration enhances the traditional role of building materials by adding energy

efficiency functions. Thermoelectric materials like CaMnOg, when combined with



structural materials, provide a promising solution for converting heat into electrical
energy in construction applications. Although challenges remain in balancing electrical
conductivity and thermal insulation, recent advancements in material science are
improving the performance of such systems. These innovations can potentially increase
both the energy efficiency and functionality of modern buildings.

The finite element method (FEM) is an important computational tool for
designing and optimizing thermoelectric materials and devices. FEM allows detailed
simulations of the thermal and electrical properties of thermoelectric systems. It can
model temperature distribution,  electric potentials, and heat flow within
thermoelectric generators (TEGs). Through these simulations, researchers can predict
how temperature gradients affect the voltage output and overall efficiency of
thermoelectric materials [11]. FEM simulations provide insights into the behavior of
different thermoelectric materials under various conditions. By inputting key
parameters like electrical conductivity, Seebeck coefficient, and thermal conductivity,
researchers can identify optimal material combinations and configurations that
maximize the ZT [12], which is a measure of thermoelectric performance. Additionally,
FEM allows researchers to explore different geometric designs of thermoelectric
modules, suchas leg configurations or module layouts, and evaluate their effects on
power output-and efficiency [11]. One of the strengths of FEM is-its ability to simulate
and optimize thermoelectric system architecture for real-world applications. For
example, variations in the structure of CaMnOg thermoelectric modules embedded in
concrete bricks can be simulated to analyze their thermal distributions and electrical
outputs. These simulations can then be compared with experimental data to verify the
accuracy of the model. Studies have shown that FEM simulations often align well with
experimental results, demonstrating its value as a reliable predictive tool in the

development of thermoelectric materials integrated into structural systems [13].

1.4 Motivation for the study
The demand for sustainable energy solutions has led to growing interest in
thermoelectric materials due to their ability to convert waste heat into electricity.

However, current thermoelectric materials face limitations in efficiency, particularly at

higher temperatures. Traditional materials like BioTeg and PbTe suffer from narrow



operating temperature ranges and environmental concerns, prompting the need for
alternative materials. This study aims to explore two key thermoelectric materials,
CaMnO3 and C;,A;-rGO composites, for enhancing thermoelectric efficiency. CaMnO3
is a promising n-type material for high-temperature applications, with its
environmentally friendly properties and doping potential. In addition to material
exploration, this research integrates thermoelectric modules into multi-layer concrete
bricks, offering a novel approach to waste heat recovery in structural materials. The
study also employs FEM simulations to model thermal and electrical behaviors, aiding
in the design and optimization of thermoelectric systems.

CioA7, composited with rGO, offers the potential to improve thermoelectric
performance through optimized electrical conductivity and reduced thermal
conductivity. However, achieving a balance between these properties remains a

challenge.

1.5 Research problem and knowledge gap

Despite advancements. in thermoelectric materials, significant gaps remain in
several areas. First, there is a lack of comprehensive studies focusing on ultra-high rGO
content .in Cy,A-rGO composites. Research has explored the potential of these
composites, but detailed investigations on the effects of extremely high rGO content,
especially in relation to thermoelectric performance, are still limited. Another notable
gap is the limited research on integrating thermoelectric materials like CaMnO3 into
practical, large-scale applications, particularly within multi-layered structural materials
such as concrete bricks. The combination of thermoelectric modules with structural
components has the potential to enhance energy efficiency in buildings but has not
been extensively studied or optimized. This thesis aims to address these gaps by
investigating the impact of ultra-high rGO content in C;,A;-rGO composites and by
exploring the integration of CaMnO3 thermoelectric modules into multi-layer concrete

bricks.



1.6 Objectives of the study

The primary objective of this research is to enhance thermoelectric
performance through material innovation and system integration. The specific goals are
outlined as follows:
Synthesis and characterization of ultra-high rGO content C;,A;rGO composites

1) To synthesize C;,A;-rGO composites with ultra-high rGO content using solid-state
reaction techniques, including 3D ball-milling.

2) To characterize the composites using various techniques such as X-ray diffraction
(XRD), scanning electron microscopy (SEM),-Raman spectroscopy, and UV-Visible (UV-
VIS) spectroscopy.

3) To evaluate the electrical conductivity, dielectric properties, and thermoelectric
properties of the composites, with a focus on understanding the impact of ultra-high
rGO content.

Design and construction of n-type CaMnOz modules in multi-layer concrete brick

1) To design and optimize n-type CaMnOgz thermoelectric modules using FEM
simulations, with a focus on improving heat and charge transport.

2) To integrate these thermoelectric modules into multi-layer concrete bricks and
measure their electrical properties under both open and closed-circuit conditions,

assessing their performance in practical applications.

1.7 Research hypotheses

This research is based-on two main hypotheses:
Hypothesis for C;,A-rGO composites

The hypothesis is that ultra-hish rGO content in C;,A;-rGO composites will
significantly enhance both electrical conductivity and thermoelectric properties. This
enhancement is expected to result from increased charge carrier mobility and reduced
phonon scattering, leading to improved thermoelectric performance.
Hypothesis for n-type CaMnOg modules in multi-layer concrete bricks

It is hypothesized that integrating CaMnO3-based thermoelectric modules into
multi-layer concrete bricks will improve energy conversion efficiency without
compromising the structural integrity and functionality of the bricks. This will allow the

bricks to serve dual purposes: structural support and energy generation.



1.8 Scope of the thesis

This thesis covers several key areas of thermoelectric material research and
application:
Material synthesis

The study focuses on synthesizing Ci,A;, Ci,A-1GO composites and n-type
CaMnO3 using solid-state reaction methods, with particular emphasis on varying rGO
content to explore its effects on thermoelectric performance.
Characterization

The structural, spectroscopic, and electrical properties of the composites will
be thoroughly characterized using techniques such as XRD, SEM, Raman, and UV-VIS
spectroscopy. These characterizations will help establish correlations between material
composition and thermoelectric performance.
Thermoelectric property evaluation

The thesis will evaluate key thermoelectric properties of the C;,A;, Ci,A-rGO
composites and n-type CaMnOg, including the Seebeck coefficient, electrical
conductivity, thermal conductivity, and the calculation of the ZT.
FEM simulation and module design

The study will utilize FEM simulations to design and optimize n-type CaMnO3
thermoelectric modules. These simulations will focus on enhancing the heat and
charge transport properties of the modules, contributing to their overall thermoelectric
efficiency.
Integration of n-type CaMnOz modules into structural materials

The research will examine the integration of n-type CaMnO3 thermoelectric
modules into multi-layer concrete bricks. Experimental evaluations will be conducted
to assess their performance in practical settings, particularly in terms of energy

generation and structural integrity.

1.9 Research significance and applications

This study has the potential to make significant contributions to both
thermoelectric material science and sustainable energy technologies. The research will
advance knowledge on the synthesis and application of Cj,A;-rGO composites,

particularly regarding the effects of ultra-high rGO content on thermoelectric



properties. It will also contribute to the development of CaMnOg thermoelectric
modules for integration into structural materials, opening new possibilities for energy-
efficient building designs. This dual approach aims to provide innovative solutions for

waste heat recovery and sustainable energy generation.

1.10 Thesis structure overview
This thesis is organized into five main chapters. Chapter 1 introduces the
background and motivation of the research, outlines the research problem, defines
the objectives, and highlights the scope and significance of the study. Chapter 2
provides a comprehensive review of the literature on thermoelectric materials,
focusing on graphene-based composites, oxides, and thermoelectric module design.
It also discusses the application of the FEM in thermoelectric research. Chapter 3
details the materials and methodologies used in the research, including synthesis
technigues, characterization methods, and FEM simulations. Chapter 4 presents and
discusses the results of the structural, electrical, dielectric, and thermoelectric
property measurements, as well as FEM simulation and experimental validation.
Finally, Chapter 5 concludes the study, summarizing key findings; contributions,
limitations, and suggestions for future research. The thesis also includes references

and appendices for additional data and detailed information



Chapter 2

Theory and literature reviews

2.1 Introduction to thermoelectric materials
2.1.1 Thermoelectric effect and its applications

The Seebeck and Peltier effects are fundamental thermoelectric phenomena
that enable the direct conversion of thermal energy to electrical energy and vice versa.
These effects are essential for energy conversion, refrigeration, and temperature

measurement.
Seebeck effect

The Seebeck effect occurs when a temperature difference between two
conductive: materials generates an electromotive force (EMF). When two dissimilar
metals are connected at two junctions and one junction is heated while the other is
kept cool, an electric current flow through the circuit. Discovered by Thomas Johann
Seebeck in 1821, this effect is commonly used in thermocouples to measure
temperature. The voltage generated is. approximately linear with respect to the
temperature difference and is expressed as V' = SAT, where V is the voltage, S is the

Seebeck coefficient, and AT is the temperature difference.
Peltier effect

The Peltier effect, discovered by Jean Charles Athanase Peltier in 1834, is the
reverse of the Seebeck effect. When an electric current flow through a circuit of two
different conductors, heat is absorbed at one junction and released at another. This
effect is used in heating or cooling applications depending on the direction of the
current. The heat transfer rate due to the Peltier effect is given by Q = (w4 — mp)I,
where Q is the heat transferred per unit time, 4 and 1 are the Peltier coefficients of

the two materials, and I is the electric current.
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Significance in energy conversion

Both effects play a critical role in thermoelectric devices, which convert heat
into electrical energy or provide temperature control. Thermoelectric generators (TEGs)
convert waste heat from industrial processes or automotive exhaust into electricity,
enhancing energy efficiency. Thermoelectric coolers (TECs) utilize the Peltier effect for
cooling in devices like portable refrigerators and electronic components.
Thermocouples use the Seebeck effect for precise temperature measurements,
particularly in industrial and scientific settings. Thermoelectric modules are lightweight,
compact, and provide precise temperature control, making them suitable for

applications in medical devices and laboratory equipment.
2.1.2 Thermoelectric figure of merit (ZT)
Definition and importance of ZT

The dimensionless figure of merit (ZT) is a key parameter used to evaluate the

performance of thermoelectric materials. It quantifies how efficiently a material can

convert heatinto electricity or provide cooling. ZT is expressed as ZT = (SZTG) T, where
S is the Seebeck coefficient, measuring voltage per unit temperature difference, o is
the electrical conductivity, indicating how well the material conducts electricity, T is
the absolute temperature in Kelvin and k is the thermal conductivity, which reflects

the material's ability to conduct heat.

Higher ZT values indicate more efficient thermoelectric materials, making it a
crucial metric for thermoelectric applications.. /As ZT increases, the maximum
conversion efficiency approaches the Carnot limit. Achieving high ZT requires balancing
Seebeck coefficient, electrical conductivity, and thermal conductivity, which are
interdependent. Materials with high Seebeck coefficients tend to have low electrical
conductivity, and those with high electrical conductivity often have high thermal
conductivity, reducing ZT. Generally, materials with ZT values greater than 1 are
considered suitable for practical applications such as energy harvesting and cooling
systems. A ZT value of around 1.5 is often cited as a threshold for effective
thermoelectric generators (TEGs). Research continues to explore new materials and

methods to push ZT values beyond conventional limits. Techniques such as nano-
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structuring, doping, and novel compounds are being developed to improve

thermoelectric performance.
State-of-the-art materials with high ZT values

Several thermoelectric materials with high ZT values have been developed,
improving energy conversion efficiency. These materials are crucial for applications
such as thermoelectric generators (TEGs) and cooling systems. Table 2.1 summarizes

key materials and their ZT values.

Table 2.1 Prominent thermoelectric materials with high ZT values

Material ZT Value Applications

Bi,Tes ~1.0 (room temperature) refrigeration, power
generation

PbTe >1.5 (high temperatures) waste heat recovery

Skutterudites 1.04455 mid to high temperature
applications

Half-Heusler alloys ~1.0 or higher automotive, aerospace

Zintl phases >1.0 medium-temperature
applications

Thermoelectric oxides ~1.0 various environments

Bismuth telluride (Bi,Tes) and its alloys have achieved ZT values up to 2.4 due
to nano-structuring techniques that improve electrical conductivity while maintaining
low thermal conductivity. Bi,Tes's ZT is approximately 1.0 at room temperature, making
it suitable for refrigeration and power generation applications near room temperature.

Lead telluride (PbTe) is known for its high Seebeck coefficient and has been enhanced
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through doping and alloying. PbTe’s ZT exceeds 1.5 at high temperatures, making it
suitable for high-temperature applications like waste heat recovery. Skutterudites
materials have complex crystal structures that facilitate phonon scattering, which
reduces thermal conductivity while maintaining good electrical properties.
Skutterudites exhibit ZT values around 1.0 to 1.5 and are effective for mid- to high-
temperature applications. Half-Heusler alloys compounds exhibit good mechanical
stability and can be alloyed to optimize thermoelectric properties. ZT values can reach
up to 1.0 or higher, particularly at elevated temperatures, making them suitable for
automotive and aerospace applications. Zintl phases materials possess low lattice
thermal conductivity and high electrical conductivity due to their complex crystal
structures. Some compounds, like Yb;4MnSby,, have ZT values exceeding 1.0, making
them suitable for medium-temperature applications. Thermoelectric oxides like
Ca3C04Q9 show promise due to their hish Seebeck coefficients and moderate thermal
conductivity. With ZT values of up to 1.0, these oxides are stable in various

environments, making them suitable for broader applications.
Strategies to improve ZT for efficient thermoelectric conversion

Enhancing ZT involves optimizing Seebeck coefficient, electrical conductivity,
and thermal conductivity. Key approaches include nano-structuring, doping, grain size
control, composite materials, and advanced fabrication techniques aimed to develop
thermoelectric materials that efficiently convert waste heat into energy or provide

effective cooling solutions.

Nanostructures can 'decouple thermal and electrical transport properties,
reducing thermal conductivity while maintaining or enhancing electrical conductivity.
Nanoscale features scatter phonons, effectively lowering thermal conductivity. This has
been successful in materials like graphene and transition metal dichalcogenides.
Techniques such as nanoscale lithography can fine-tune material properties.
Introducing dopants can enhance the Seebeck coefficient and electrical conductivity
by optimizing carrier concentration. For example, doping Bi,Te; improves its
thermoelectric properties. Similarly, alloys can combine materials that have high
electrical conductivity with those that reduce thermal conductivity, enhancing ZT.

Reducing grain size increases grain boundaries, which scatter phonons and reduce
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thermal conductivity. This approach has been effective in materials such as ZnO and
PbTe, where smaller grains improve ZT through enhanced phonon scattering.
Incorporating conductive nanoparticles into a thermoelectric matrix improves charge
carrier mobility while reducing thermal conductivity. For example, metal nanoparticles
in a thermoelectric matrix can improve performance by enhancing electrical properties
and scattering phonons at interfaces. Advanced fabrication Techniques such as 3D
printing and layer-by-layer deposition enable precise control of microstructures,
allowing for complex geometries that optimize thermoelectric performance. These
methods help to enhance electrical conductivity, Seebeck coefficient, and reduce
thermal conductivity. Improving ZT is a multi-faceted challenge. By employing nano-
structuring, doping, grain size control, composite materials, and advanced fabrication
techniques, researchers aim to develop thermoelectric materials that efficiently

convert waste heat into energy or provide effective cooling solutions.

2.2 Advances in thermoelectric materials
2.2.1 N-type thermoelectric materials
Role of n-type thermoelectric materials

N-type thermoelectric materials play a crucial role in thermoelectric modules,
converting thermal energy into electrical energy. These materials conduct electricity
via negatively charged electrons and are essential for improving thermoelectric device
efficiency. They generally exhibit high electrical conductivity, which is necessary for
efficient charge transport under a temperature gradient. In n-type materials, the
Seebeck coefficient is negative, meaning electrons flow from the hot side to the cold
side, generating a voltage. Low thermal conductivity is also important to maintain a
temperature difference for efficient energy conversion. Table 2.2 summarizes key

n-type thermoelectric materials, their ZT values, their applications and key features.
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Table 2.2 Prominent n-type thermoelectric materials

Material ZT value Applications Key features
Bi,Tes ~1.0 (room commercial enhancements in
temperature)  thermoelectric nanostructured forms
devices
In203 up to 0.15 high-temperature  high power factor due to
applications excellent electrical conductivity
SnSe up to 2.8 thermoelectric favorable thermoelectric
generators properties
Half-Heusler  ~1.0 or higher automotive good-mechanical properties
alloys (elevated applications
temperatures)
Skutterudites 1.0-1.5 mid to high ability to reduce thermal
temperature conductivity while maintaining
applications electrical properties

Performance metrics of n-type thermoelectric materials

N-type  thermoelectric material performance varies with temperature. For
example, Bi,Te; shows ZT values around 1.4 at room temperature, while SnSe reaches
up to 2.8 at elevated temperatures. Recent improvements in Bi,Tes-based materials
demonstrate efficiencies up to 6.6% at a temperature gradient of 235 K. Doping
strategies have significantly improved electrical conductivity and Seebeck coefficients

while reducing thermal conductivity.
2.2.2 CaMnO; as an n-type thermoelectric material
Structure and synthesis of CaMnO;

Calcium manganese oxide (CaMnOs3) is a perovskite-type oxide, known for its
stability and suitability in high-temperature thermoelectric applications. It has a

distorted perovskite structure with tilted MnOg octahedra, which influences its
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electronic properties and thermoelectric performance. This distortion is important for

optimizing the material's Seebeck coefficient and electrical conductivity.

Various synthesis methods have been used to improve CaMnOs3’s properties,

including:

1) Solid-state reaction: A common method using CaO and MnO, at high
temperatures. While simple, it may result in large grain sizes and inhomogeneous

distributions.

2) Sol-Gel method: Provides better control over particle size and morphology,

yielding high-purity and homogeneous materials.
3) Co-precipitation: Produces fine powders with controlled stoichiometry.

4) RF magnetron sputtering: Offers high deposition rates and better control over

film composition.
5) Glycine-Nitrate synthesis: Utilizes glycine as a fuel to control morphology.

6) Chemical vapor deposition (CVD): Creates thin films with precise control over

thickness and composition.
Thermoelectric properties of CaMnO;

CaMnQO3’s  thermoelectric —properties—electrical  conductivity, Seebeck
coefficient, and thermal conductivity—are key to its performance. Although it suffers
from low electrical. conductivity, doping improves this significantly. For example,
Nb-doped CaMnOs; shows enhanced conductivity and a resistivity of 0.077 Q-cm at
elevated temperatures. The Seebeck coefficient of CaMnO; ranges between -200 and
-550 uV/K, and its relatively high thermal conductivity (around 4 W/m-K) poses
challenges for achieving high ZT values. The best reported ZT value for Nb-doped
CaMnOs is approximately 0.32. Doping can also increase the power factor, with

Nb-doped CaMnOj; reaching up to 21.6 yV/m-K2 at room temperature.
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Challenges and opportunities in CaMnO; thermoelectric applications

CaMnO; holds promise as an n-type thermoelectric material, but several
challenges remain, including low electrical conductivity, high thermal conductivity, and
modest ZT values. Its high resistivity, ranging from 0.12 to 20 Q-cm, limits its
competitiveness. Additionally, the polaron hopping mechanism within the Mn-O
framework contributes to inefficiency. High thermal conductivity diminishes the
temperature gradient needed for efficient energy conversion. Despite these issues,
opportunities for improvement exist. Doping strategies (e.g., with Nb, La, or Dy) can
enhance both electrical conductivity and the Seebeck coefficient. Advanced synthesis
techniques like sol-gel processes and nano-structuring could further optimize CaMnO5's

thermoelectric properties, making it more viable for practical applications.
Research on enhancing the thermoelectric performance of CaMnO;

Enhancing the thermoelectric performance. of CaMnO; is a multifaceted
challenge that involves various strategies, including doping, structural' modifications,
and composite formation. The inherent properties of CaMnOs, such as its high Seebeck
coefficient and n-type conductivity, make it a promising candidate for thermoelectric

applications; however, its high electrical resistivity limits its efficiency [14, 15, 16].

One effective approach to improve the thermoelectric performance of CaMnO,
is through doping with various elements. For instance, vanadium doping has been
shown to enhance the electronic properties by increasing the hybridization between
Mn d and O p orbitals, which facilitates electron conduction via the Mn-O-Mn pathways
[17]. Similarly, the dual doping of Prand Yb has resulted in a significant increase in the
ZT, reaching values approximately three times higher than that of undoped CaMnQOs
[16]. Other studies have indicated that Sr doping can effectively enhance
thermoelectric performance by optimizing the electronic transport properties [15].
Furthermore, the introduction of cerium ions has been reported to improve the

Seebeck coefficient and overall thermoelectric efficiency [18].

Structural modifications also play a crucial role in enhancing the thermoelectric
properties of CaMnOs. For example, the substitution of metal ions into the CaMnO,

lattice can lead to improved carrier mobility and reduced thermal conductivity, which
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are essential for high thermoelectric performance [19, 20]. The introduction of A-site
vacancies has been shown to create a glass-like thermal conductivity, which can further
enhance the thermoelectric efficiency by reducing heat loss [21]. Additionally, the
synthesis of porous CaMnO; nanostructures has demonstrated improved
electrocatalytic activity, which can be beneficial for thermoelectric applications [22].
Composite materials that incorporate CaMnO; with other thermoelectric materials or
insulating matrices have also been explored. Such composites can optimize the
thermal and electrical transport properties, leading to enhanced thermoelectric
performance [23, 24]. For instance, the use of hybrid p-n junctions with CaMnOs; has
shown promising results in terms of power output and efficiency in thermoelectric

modules [25].

2.3 Thermoelectric composites with rGO
2.3.1 Reduced graphene oxide in thermoelectric
Structure, properties, and applications of graphene and rGO

Graphene, graphene oxide (GO), and reduced graphene oxide (rGO) are carbon-
based materials with distinct structural characteristics that influence their properties
and applications. Graphene consists of a single layer of carbon atoms arranged in a
hexagonal lattice, giving it exceptional mechanical, electrical, and thermal properties.
Its high surface area and streneth make it suitable for applications such as transistors,
sensors, batteries, and reinforcement of polymers for improved mechanical properties.
GO is produced by oxidizing graphene, which introduces functional groups like hydroxyl
and carboxyl, improving its dispersibility in water. GO's layered structure varies from
single to multi-layer forms. Key applications of GO include drug delivery, tissue
engineering, water purification, and corrosion protection. Reduced graphene oxide (rGO)
is obtained by chemically or thermally reducing GO, which removes some oxygen
groups and restores the electrical and mechanical properties of graphene while
retaining some hydrophilicity. rGO is used in applications such as chemical sensors,
biosensors, fuel cells, and polymer reinforcement. A critical distinction between GO

and rGO lies in their electrical conductivity. GO's insulating nature results from
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disrupted m-conjugation, while rGO regains conductivity as oxygen functionalities are
removed, enabling its use in electronic applications. Table 2.3 summarizes properties

of Graphene, GO, and rGO.

Table 2.3 Properties of Graphene, GO, and rGO

Property Graphene Graphene Oxide Reduced Graphene Oxide

Electrical Excellent Insulator due to Good conductor but less than

Conductivity conductor oxygen groups graphene

Mechanical  Exceptional 'Reduced compared to Improved compared to GO

Strength graphene

Hydrophilicity 'Hydrophobic - Highly hydrophilic Moderately hydrophilic

Surface Area High Hish Hish
Chemical Very stable  'Stable but reactive Stable with some reactivity
Stability

Role of rGO in enhancing electrical conductivity and carrier mobility in composite

materials

Reduced graphene oxide (rGO) plays a crucial role in“enhancing electrical
conductivity and carrier mobility in composite materials. Its sp? hybridized carbon
structure, restored during the reduction process, significantly improves conductivity.
For instance, Choi et al. demonstrated that reducing GO to rGO restores sp? clusters,
leading to better charge transport and higher conductivity compared to oxidized

graphene [26].

The incorporation of rGO into thermoelectric composites also boosts carrier
mobility. For example, the addition of rGO to nonstoichiometric SrTiO3-6 composites
resulted in a power factor three times higher than that of pristine SrTiO3 due to the

increased electrical conductivity and Seebeck coefficient [27]. Similarly, rGO in NiMoOg4
composites improved carrier mobility by reducing energy barriers between grains,

leading to enhanced electrical conductivity and Seebeck coefficient [28].
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Hybridization of rGO with two-dimensional materials like tungsten disulfide
(WS2) has shown promising control over electrical and thermal transport properties.
Kim et al. reported that adding rGO to WSy composites improved electrical
conductivity, although it reduced the Seebeck coefficient as rGO content increased,

indicating the need for optimized rGO ratios for desired thermoelectric properties [29].

In addition to enhancing conductivity, rGO also improves the thermal
management of composites. For example, rGO in TiO2-rGO nanocomposites reduced
thermal conductivity while maintaining high electrical conductivity, which is crucial for
improving the ZT [30]. This dual enhancement makes rGO an essential component in

thermoelectric applications.
Current state of research on rGO-based thermoelectric composites

Reduced graphene oxide (rGO) has emerged as a significant material in the
development of thermoelectric composites due to its unigue electrical and thermal
properties. The incorporation of rGO into various matrices has been shown to enhance
the thermoelectric performance of these composites, primarily by improving electrical
conductivity while maintaining low thermal conductivity, which is crucial for effective

thermoelectric applications.

One of the key advantages of rGO is its ability to enhance the electrical
conductivity of composite materials. For instance, studies have demonstrated that the
hybridization of rGO with other two-dimensional materials, such as tungsten disulfide
(WS2), significantly. improves the electrical transport properties of the resulting
composites. This improvement is attributed to the effective charge carrier transport
facilitated by rGO, which acts as a conductive pathway within the composite structure
[29]. Similarly, rGO has been utilized in the creation of nanocomposites with polyaniline
(PANI), where the interactions between rGO and PANI lead to increased carrier mobility
and enhanced thermoelectric power [31]. The combination of rGO with other
conductive polymers has been shown to yield composites with superior thermoelectric

performance compared to their individual components.

Moreover, the structural modifications introduced by rGO can lead to a

reduction in thermal conductivity, which is beneficial for thermoelectric applications.
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For example, the introduction of rGO into BisCu,SeqO¢ matrices has been shown to
optimize microstructure and enhance thermoelectric performance by reducing thermal
conductivity through phonon scattering mechanisms [32]. This is consistent with
findings that highlight the role of rGO in lowering thermal conductivity while improving

the Seebeck coefficient, thus enhancing the overall ZT of the composites [33].

In addition to its role in enhancing electrical properties, rGO's compatibility with
various materials allows for the development of flexible and lightweight thermoelectric
devices. The integration of rGO into cotton threads has been explored, resulting in
increased electrical conductivity and potential applications in wearable technology
[34]. This flexibility is crucial for the advancement of thermoelectric materials in
practical applications, particularly in the context of smart textiles and wearable

electronics [35].

Furthermore, the versatility of rGO enables its use in various composite
formulations, including those with metal oxides like ZnO, where rGO serves to enhance
the thermoelectric performance through improved charge transport and reduced
thermal conductivity [36]. The ability to tailor the properties of rGO through chemical
reduction and functionalization further expands its applicability in thermoelectric
materials, allowing for the optimization of performance based on specific application

requirements [37].
2.3.2 Cy,A; for thermoelectric composites
Structure and properties of C;,A; in dielectric and electrical applications

Ci,A; (Dodecacalcium . heptaaluminate, Ca;Al;4O0s3) is a ceramic material
recognized for its unique cubic structure, which contains 12 nano-cages. Two of these
cages house mobile oxygen ions, contributing to its ionic conductivity. C;,A;, with a
wide bandgap of around 7 eV, is an insulator in its pure form, but doping can modify

its electrical properties, making it useful in various dielectric and electrical applications.

The dielectric constant of C;,A; has been observed to increase with the
incorporation of graphene oxide (GO). For example, C;,A;-GO composites exhibit a
dielectric constant ranging from 6.61 for pristine Cy,A; to 21.11 for composites with

higher GO concentrations at 1 kHz. This improvement is attributed to the interfacial
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polarization effects and the high density of free electron charges introduced by GO.
The loss tangent (tand) also rises with increased GO content, indicating enhanced
capacitive behavior. The maximum specific capacitance of 21.514 was recorded at a

current density of 0.2 A/g for the C;,A;-GO composite.

Ci,A7's electrical conductivity can be enhanced through doping or thermal
treatments. For instance, polycrystalline C;,A;'s conductivity reached 7.65 S/cm at 573
K after Mg heat treatment, demonstrating its potential for conductive applications. The
incorporation of rGO or other dopants further improves conductivity by introducing
charge carriers and enhancing charge transport mechanisms. In addition to electrical
properties, Cj,A; composites exhibit improved mechanical characteristics with
increasing GO content. Vickers hardness measurements showed the highest value of

117.8 HV for a C;,A;-GO composite, indicating enhanced structural integrity.

Due to-its high dielectric constant and low loss tangent, C;,A; is suitable for
capacitors and other electronic components where low leakage currents are critical.
The incorporation of rGO enhances its dielectric properties, improving performance in
electrical double-layer capacitors (EDLCs) for energy storage. The improved electrical
conductivity also makes Cj,A; applicable in electronic. devices like sensors and
conductive coatings. Moreover, doping or composite formation with rGO opens
opportunities for C,A; in optoelectronics and fuel cells. Studies suggest that Ci,A;
composites doped with rGO" could exhibit thermoelectric properties, driven by

enhanced charge transport and stable structure.

Synthesis methods for Cy,A;-based composites
Various synthesis-methods have been developed for C;,A;-based composites,
focusing on solid-state reactions. These methods are energy-intensive but effective in

producing high-quality materials.
Solid-state reaction techniques

Ci,A; is synthesized by mixing calcium carbonate (CaCO3) and aluminum oxide

(Al203) in a 12:7 ratio and heating the mixture at high temperatures (around 1300 °C).

This method can take several hours to days, with C;,A; forming at elevated
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temperatures following the crystallization of phases like C5A3 and C3A. The formation

of Cy,A; highlights the importance of precise temperature control during synthesis.
Direct mixing with graphene oxide (GO)

C12A7/GO composites are prepared by mixing Ci,A; powder with GO
suspension at room temperature, which allows GO incorporation without high-
temperature treatment. X-ray diffraction (XRD) and Raman spectroscopy confirm that

GO integrates into the C;,A; matrix, enhancing electrical and dielectric properties.
Ultra-high rGO content composites

For composites with- ultra-high rGO content (up to 70 wt%), a solid-state
reaction method is used, followed by hydraulic pressing and heat treatment in an inert
atmosphere (such-as argon) at around 773 K. This process improves electrical transport

properties, resulting in higher Seebeck coefficient.and ZT values.
Alternative synthesis methods

A novel method using-a double-fuel mixture combined with oxalic acid allows
the production of mesoporous C;,A; without long annealing times. This method
enhances. the material's textural properties while reducing energy consumption.
Additionally, the conversion of oxy- Cy,A; to electride Ci,A; through solid-state
techniques has been shown to enhance electrical conductivity via anionic vacancy

formation.
Studies on thermoelectric performance of C;,A; related oxides

Ci,A; related oxide materials have been explored for their thermoelectric
properties. For example, layered oxides such as tin oxides (SnO) and cobalt oxides (e.g.,
LaCoO3) have been studied for their potential as n-type thermoelectric materials.
These materials exhibit interesting electronic properties due to the presence of lone
pair electrons and polaronic conduction mechanisms, which can enhance their
thermoelectric performance [38, 39]. The exploration of high-entropy oxides has also
shown promise, as they can provide a balance between thermal stability and electrical

performance, making them suitable for high-temperature applications [40].
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Moreover, the stability of oxide thermoelectric materials under various
environmental conditions is a significant advantage over traditional thermoelectric
materials like Bi,Te; and PbTe. Oxides tend to maintain their structural integrity and
performance at elevated temperatures, which is critical for practical applications in
thermoelectric generators [41, 42]. However, challenges remain in achieving
competitive ZT values compared to established materials, primarily due to limitations
in electrical conductivity and the need for further optimization of their microstructural

properties [43].
2.3.3 Ultra high rGO content in C;,A; composites

Challenges in achieving high rGO content while maintaining material stability

and homogeneity

Incorporating high levels of rGO into C;,A; composites poses several challenges
related to stability and homogeneity. As the rGO content increases, the tendency of
rGO sheets to agglomerate becomes a significant issue. Agelomeration leads to non-
uniform distribution within the composite, which can hinder the formation of effective
conductive pathways, crucial for improving electrical properties. This uneven dispersion
also weakens mechanical integrity, reducing the overall performance of the material in
thermoelectric applications. Higher rGO content also makes the composite more
sensitive to oxidative conditions during processing and operation. Excessive rGO may
become overactivated, compromising the stability of the composite under harsh
conditions. In addition, high rGO content can negatively impact the thermal stability of
the composite, as rGO decomposition at elevated temperatures may result in structural
degradation and altered material properties.Although rGO improves electrical
conductivity, excessive amounts can lead to inconsistent performance due to poor
dispersion and increased resistance at interfaces between agglomerated regions. This
variability in conductivity can limit the expected improvements in thermoelectric
performance. Similarly, the Seebeck coefficient may not increase as anticipated if rGO
is not well-dispersed, limiting gains in thermoelectric efficiency. Achieving a uniform
distribution of high rGO content requires complex processing methods, such as
sonication or chemical functionalization, which complicate synthesis and increase

production costs. Moreover, heat treatment must be carefully controlled to prevent
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degradation of both C;,A; and rGO. Inconsistent heating can cause phase separation or
incomplete reactions, adversely affecting the composite's properties. Excessive rGO
content can also alter grain boundary characteristics in Cy,A; composites. While some
studies suggest that rGO enhances grain boundary interfaces, too much rGO can lead
to rough boundaries that impede electron transport, degrading overall performance.
High rGO levels can introduce defects into the crystal structure of C;,A;, potentially

causing undesirable changes in mechanical and electrical properties.
Review on rGO-doped composites in terms of improved ZT

Reduced graphene oxide (rGO)-doped composites have emerged as a significant
area of research in the field of thermoelectric materials due to their potential to
enhance the ZT. The incorporation of rGO into various thermoelectric matrices has
been shown to-improve electrical conductivity, reduce thermal conductivity, and
optimize the Seebeck coefficient, all of which contribute to higsher ZT values. One of
the primary mechanisms by which rGO enhances thermoelectric performance is
through its high electrical conductivity. For instance, Ding et al. demonstrated that the
addition of rGO to bismuth telluride (BizTe3) nanoplates significantly improved the
power factor, a critical parameter for thermoelectric efficiency, due to enhanced charge
carrier mobility [44]. The rGO acts as a conductive network within the composite,
facilitating better charge transport and reducing the overall resistivity of the material.
This is particularly important in thermoelectric applications, where maximizing
electrical conductivity while minimizing thermal conductivity is essential for achieving
high ZT values. Moreover, the structural properties of rGO canlead to effective phonon
scattering, which helps in reducing thermal conductivity. This phenomenon is crucial
because lower thermal conductivity allows for a greater temperature gradient, which
is beneficial for thermoelectric applications. For example, Biswas et al. reported that
the introduction of rGO into metal oxide composites can enhance ZT by effectively
scattering phonons while maintaining good electrical conductivity [45]. This balance
between electrical and thermal properties is vital for optimizing the thermoelectric

performance of the composite.

In addition to improving conductivity and reducing thermal conductivity, rGO

can also influence the Seebeck coefficient. Ding et al. reported that the incorporation
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of rGO into bismuth telluride (BipTe3) nanoplates led to a significant enhancement in
the Seebeck coefficient, which is a measure of the voltage generated in response to a
temperature difference [44]. The synergistic effect of rGO in these composites allows
for improved thermoelectric performance, as the Seebeck coefficient is a critical factor

in determining ZT.

Furthermore, the use of rGO in combination with other thermoelectric materials
has shown promising results. For instance, Huang et al. suggested that combining rGO
with SnSe could lead to considerable improvements in ZT values through optimized
doping strategies and texture control [46]. This indicates that the potential for
enhancing thermoelectric performance through rGO is not limited to its standalone
effects but can be significantly amplified when used in conjunction with other

materials.

The versatility of rGO also extends to its ability to form composites with various
matrices, including polymers and metal oxides. For example, the incorporation of rGO
into polymeric thermoelectric composites has been shown to enhance the overall
thermoelectric properties, as the rGO provides a conductive pathway that improves
charge transport while maintaining the flexibility of the composite [47]. Similarly, rGO-
doped metal oxides have demonstrated improved thermoelectric performance due to

the effective charge carrier dynamics facilitated by the rGO network [45].

2.4 Structural thermoelectric modules
2.4.1 Integration of thermoelectric materials in structural applications

Thermoelectric modules embedded in structural components for energy

harvesting

Recent developments in materials science have enabled the integration of
thermoelectric modules into structural components like concrete and bricks for energy
harvesting. These innovations aim to capture waste heat and ambient energy,

enhancing energy efficiency and sustainability in construction.
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Energy-harvesting concrete

Energy-harvesting concrete uses mechanisms such as the Seebeck effect,
pyroelectric effect, and piezoelectric effect to convert thermal, mechanical, and light
energy into electricity. This allows concrete structures to generate energy
autonomously, reducing reliance on external power sources. Functional fillers, such as
carbon fibers and conductive polymers, are often added to improve the concrete's

electrical conductivity and energy conversion efficiency.
Energy-storing bricks

Energy-storing bricks are designed to store renewable energy, such as solar
power, and release it when needed. These bricks utilize a chemical process that
converts pigments into conductive plastics, functioning as supercapacitors for quick
energy storage and release. Some designs incorporate phase change materials (PCMs)

to absorband release heat, helping reduce building heating and cooling loads.
Thermoelectric modules in pavement

Thermoelectric modules have also been integrated into pavement for energy
harvesting. These cement-based composites not only convert thermal gradients into
electricity but also help lower surface temperatures, contributing to urban heat
management. - Adding ' conductive -~ materials  like carbon fibers  improves the
thermoelectric properties of the pavement, allowing cities to capture waste heat from

vehicles and the environment.
Challenges and future directions

Maintaining the durability of embedded thermoelectric systems in structural
components is crucial. Research is ongoing to develop materials that can withstand
environmental stresses while maintaining performance. Effective integration techniques
are needed to avoid compromising the structural integrity of concrete or bricks.
Innovations such as 3D printing may help improve integration and reduce production
costs. Scaling up production for large-scale applications while keeping costs

manageable remains a challenge.
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Advantages and challenges of embedding thermoelectric materials into
structural elements
Embedding thermoelectric materials in structural components offers innovative

solutions for energy harvesting but comes with several advantages and challenges.

Advantages

Thermoelectric materials can convert waste heat into electricity, enhancing
energy efficiency and sustainability. Structures embedded with these materials can
become self-sufficient, powering sensors, lighting, and electronic devices. Embedding
thermoelectric materials allows traditional building elements to serve both structural
and energy-generating functions. These systems can also enable smart building
technologies, allowing for real-time monitoring of energy usage and structural health,
improving operational efficiency. Additionally, thermoelectric materials can help
manage urban heat by dissipating excess heat from structures, contributing to better
local climate conditions. Their durability, when embedded in concrete or bricks, may

lead to long-lasting energy-harvesting systems.

Challenges

The differing thermal expansion coefficients between thermoelectric materials
and concrete or bricks may cause stress and cracking, compromising structural integrity.
Ensuring thermoelectric materials remain stable in the alkaline environment of
concrete is vital for long-term performance. Embedding these materials can be
complex and costly, requiring advanced manufacturing techniques. Achieving uniform
distribution within the composite matrix is challenging, and optimizing the
thermoelectric performance while maintaining the mechanical properties of concrete
or bricks is difficult. Effective energy harvesting requires maintaining temperature
gradients, which necessitates adequate thermal insulation around the embedded
modules. The high initial investment for integrating thermoelectric materials raises
concerns about economic feasibility compared to traditional energy solutions.
Evaluating the long-term benefits versus initial costs is essential for justifying their use

in construction projects.
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Studies on thermoelectric materials integrated into building materials for energy-

efficient buildings

The integration of thermoelectric materials into building materials represents a
significant advancement in the pursuit of energy-efficient buildings. This approach not
only enhances energy recovery from waste heat but also contributes to the overall
sustainability of building designs. Recent studies have highlichted various
thermoelectric materials and their composites, demonstrating their potential to

improve the ZT when incorporated into construction materials.

One of the key studies in this area is by lyer, which emphasizes the importance
of integrating thermoelectric systems within building structures rather than treating
them as standalone entities. The research indicates that buildings account for a
substantial portion-of energy loss, primarily due to heat loss through their fabric and
ventilation systems. By embedding thermoelectric materials into building components,
it is possible to harness waste heat and convert it into usable electrical energy, thereby
improving overall energy efficiency [48]. This integration can lead to significant

reductions in energy consumption-and operational costs.

Research on thermoelectric properties of geopolymer mortars, such as those
doped with graphite powder, has also shown promising results. Hot€K's study indicates
that the thermoelectric function of these materials can be enhanced through the
addition of conductive admixtures, which improve the electrical conductivity and,
consequently, the thermoelectric performance [49]. This finding supports the notion
that building materials can be engineered to not only provide structural integrity but
also to actively participate in energy generation. Moreover, the exploration of new
thermoelectric materials, such as those discussed by Tan et al., highlights the ongoing
advancements in material science aimed at improving thermoelectric efficiency. The
study underscores the potential of novel materials to be implemented in
thermoelectric modules specifically designed for power generation, which could be
integrated into building systems [50]. This aligns with the broader goal of developing
robust thermoelectric modules that can effectively convert thermal energy into

electrical energy.
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The concept of using thermoelectric materials in combination with traditional
building materials is further supported by the work of Wang et al., who discuss the
coordination of carriers and phonons in solids to achieve efficient thermoelectric
conversion. Their findings suggest that optimizing the thermoelectric properties of
these materials can significantly contribute to energy recovery in building applications
[51]. This is particularly relevant as the construction industry seeks to adopt more
sustainable practices. In addition to these advancements, the development of
functionally graded materials, as explored by Ma et al., indicates that spatial variation
in thermoelectric properties can enhance heat distribution and energy recovery in
thermoelectric systems [52]. This approach can be particularly beneficial in building
applications where temperature gradients are prevalent. Furthermore, the integration
of thermoelectric devices into existing heating systems, as discussed by Xiao et al,,
demonstrates the potential for enhancing energy. utilization efficiency in residential
applications. By embedding thermoelectric generators into boilers or heating systems,
it is possible to recover waste heat and convert it into electrical energy, thereby

improvine the overall energy efficiency of the building [53].
2.4.2 CaMnOs3 in multi-layer concrete brick modules
Potential benefits of such integration for energy efficiency in modern buildings

The integration of thermoelectric modules into structural elements, such as
concrete and bricks, -offers significant potential for improving energy efficiency in
modern buildings. Thermoelectric modules can-convert waste heat from sources like
sunlight, HVAC systems, and human activity into electricity. This reduces dependence
on external power sources and increases building energy self-sufficiency. By harnessing
ambient thermal gradients, buildings can generate on-site clean energy to power
lishting, sensors, and other devices. Thermoelectric materials also help regulate indoor
temperatures by converting excess heat into electricity, reducing the load on heating
and cooling systems and lowering energy consumption. Additionally, integrating
thermoelectric modules can optimize HVAC operations by providing real-time data on
temperature differentials for more efficient climate control. The use of thermoelectric
modules supports the development of net-zero buildings, which produce as much

energy as they consume. These embedded systems can complement other renewable
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energy sources, like solar panels, to enhance overall energy efficiency and reduce
reliance on fossil fuels. This multifunctionality allows concrete and bricks to provide
structural support while also generating electricity, contributing to innovative and

efficient building designs.

Integrating thermoelectric systems helps create smart buildings that
dynamically monitor and adjust their energy use, improving occupant comfort and
reducing waste. By generating renewable energy on-site and optimizing energy usage,
such buildings contribute to lower greenhouse gas emissions. This approach aligns with
sustainable construction practices by improving the lifecycle performance of building
materials and reducing environmental impacts. Buildings equipped with integrated
thermoelectric modules can also lower energy costs due to reduced reliance on grid
electricity and optimized HVAC performance. These energy-efficient features can

increase property value, attracting environmentally conscious buyers and tenants.

Experimental results or simulations ' involving concrete as a host for

thermoelectric modules

The experimental results and simulations involving thermoelectric modules
embedded in concrete highlight the significant potential for enhancing energy efficiency
in building materials. Studies have demonstrated the feasibility of energy conversion
from concrete, the performance characteristics of thermoelectric modules in concrete
applications, and the potential for monitoring heat flow. These findings pave the way
for further research and development of integrated thermoelectric systems in
sustainable building designs. The integration of thermoelectric materials into concrete
as a host for thermoelectric-modules has been the focus of several experimental
studies and simulations aimed at enhancing energy efficiency in building applications.
This approach leverages the ability of thermoelectric materials to convert waste heat
generated within concrete structures into usable electrical energy, thereby contributing

to sustainable building practices.

One significant study by Feélix-Herran et al. explored the implementation of
thermoelectric modules mounted on concrete structures. The research involved the
electrical characterization of a commercially available thermoelectric module (TEC1-

12710) embedded in a concrete slab. The results demonstrated the feasibility of energy
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conversion from concrete using thermoelectric modules, highlighting the potential for
integrating such systems into building materials to harness waste heat effectively [54].
This study provides a foundational understanding of how thermoelectric modules can
operate within concrete, paving the way for further advancements in energy-efficient
building designs. Murata et al. also contributed to this field by fabricating a prototype
thermoelectric module that operates using the Nernst effect. Although their primary
focus was on the Nernst effect, the findings provide insights into the performance
characteristics of thermoelectric modules that could be adapted for integration into
concrete structures [55]. The study emphasizes the importance of understanding the
operational principles of thermoelectric modules, which can inform their application
in building materials. Leephakpreeda's research further supports the integration of
thermoelectric modules into concrete by experimentally determining the parameters
of thermoelectric- modules and modeling their performance for heating and cooling
control. The study involved three thermoelectric modules with varying capacities,
providing valuable data on their operational characteristics when embedded in
concrete [56]. This information is crucial for optimizing the design and implementation

of thermoelectric systems in building applications.

Additionally, the work of Sippawit and Leephakpreeda demonstrated the
viability of using thermoelectric modules to detect heat flow through thermal walls.
Their experimental studies showed that thermoelectric modules could effectively
measure heat flow by observing the generated electric voltage, further supporting the
potential for integrating these systems into concrete structures for energy monitoring

and management [57].

2.5 FEM analysis in thermoelectric design
2.5.1 Overview of FEM in material science

The FEM is a widely used numerical technique for solving complex engineering
and mathematical problems, often represented by partial differential equations. It is
applied in various fields such as structural analysis, heat transfer, fluid dynamics, and

electromagnetism. FEM divides a large system into smaller, manageable parts called
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finite elements, a process known as discretization. These elements can be
one-dimensional, two-dimensional, or three-dimensional, and are interconnected to
form a mesh representing the entire domain. Each element behaves according to a set
of equations that describe its response to various conditions like stress or heat. Material
properties are defined at the nodes, where the elements are connected. The equations
governing individual elements are assembled into a global system, which is then solved
using numerical methods to approximate unknown variables, such as displacements
or temperatures. Applying appropriate boundary conditions ensures that the simulation

accurately reflects real-world constraints.

FEM offers high accuracy, even with relatively simple approximation functions,
and allows for detailed visualization of complex behaviors. It is extensively used in
structural analysis to predict stress distributions and deformation patterns, heat transfer
to model temperature distributions, and electromagnetic simulations to study field
propagation in materials. The method is also useful in understanding the mechanical
behavior of materials and in- solving: multi-physics problems where different physical

phenomena occur simultaneously.

Role of FEM in thermoelectric material design

FEM plays a key role in designing and analyzing thermoelectric materials by
simulating their thermal and electrical behaviors. It allows for the optimization of
material properties and provides insights into the interactions within thermoelectric

systems.
Modeling heat transfer

FEM enables the simulation of temperature distributions in thermoelectric
materials. For example, in thermoelectric concrete bricks embedded with CaMnO3
modules, FEM predicts heat flow through various layers, helping to maximize the
temperature gradient necessary for efficient energy conversion. These simulations can
guide the selection of insulating materials and optimize structural designs for better
thermal performance. Results are often validated against experimental data to ensure

accuracy.
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Modeling electrical conductivity

FEM is used to simulate electric field distributions within thermoelectric
materials, allowing for the assessment of material composition and its effect on
electrical conductivity. It also helps model electrical interface resistances between

different materials, providing critical insights into current flow and voltage generation.
Thermoelectric properties simulation

FEM is instrumental in calculating the Seebeck coefficient by simulating how
temperature gradients cause charge carrier movement. By integrating thermal and
electrical conductivity models, FEM helps evaluate the power factor (PF) and identify
materials with a high ZT for energy conversion. Advanced FEM simulations can couple
thermal, electrical, and mechanical behaviors, offering a comprehensive view of

material performance.

2.5.2 FEM studies on thermoelectric modules

Optimization strategies for improving thermoelectric module performance

Optimizing thermoelectric modules in real-world conditions requires careful
consideration of material selection, structural design, and operational strategies. Recent
studies have proposed several - approaches to enhance thermoelectric device
performance. One approach involves using high-entropy materials, like GeTe-based
compounds, which exhibit optimized band structures and efficient electronic transport
at elevated temperatures. Doping and alloying have been shown to improve
thermoelectric performance; especially in the low-temperature range where intrinsic

carrier concentration often limits efficiency.

Another strategy focuses on manipulating the electron mean free path (MFP) in
Dirac materials to enhance thermoelectric performance through MFP filtering. This
approach improves transport behaviors, increasing the overall efficiency of

thermoelectric materials.

Doping strategies have also been effective in improving thermoelectric
performance. Regulating free carrier concentration in organic semiconductors through

doping has led to substantial improvements in thermoelectric response.
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Structural innovations have further enhanced thermoelectric performance. For
example, research on compliant and stretchable thermoelectric coils for energy
harvesting in flexible devices has shown that improving packing efficiency and stacking

designs can increase energy conversion efficiency.

Additionally, optimizing the mechanical properties of thermoelectric materials
is crucial for practical applications. Introducing carbon materials to improve toughness
while maintaining thermoelectric efficiency has shown promise for enhancing the

durability of thermoelectric modules.

FEM has also been applied to optimize thermoelectric generator (TEG) designs,
particularly for high-temperature environments like aviation. Effective heat transfer
coefficients and optimized thermocouple configurations can maximize energy recovery

from waste heat.

Moreover, studies on n-type PbS thermoelectric materials have demonstrated
the potential of lattice expansion and interstitial doping to suppress thermal

conductivity and enhance electrical performance, improving ZT values.

Finally, seometry optimization of thermoelectric modules is another critical
factor for-enhancing performance. Careful design considerations, such as optimized
geometric structures, can significantly improve power output and conversion efficiency

in thermoelectric systems.
Review of using FEM to optimize thermoelectric materials and module designs

The application of the FEM in optimizing thermoelectric materials and module
designs has gained traction in recent years, particularly as researchers seek to enhance
the efficiency and performance of thermoelectric devices. FEM provides a powerful
numerical tool for simulating the thermal and electrical behaviors of thermoelectric
materials and systems, allowing for the optimization of their geometrical and material

properties.

One significant study by Sahu et al. emphasizes the importance of a bottom-
up design approach for developing thermoelectric hybrid materials using

chalcogenides. The authors utilized FEM to model the thermal and electrical properties
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of these materials, demonstrating how structural modifications can lead to improved
thermoelectric performance quantified by the ZT [58]. This study highlights the
potential of FEM in guiding the design of new thermoelectric materials by predicting
their performance based on various structural configurations. Lu et al. conducted a
cooling and mechanical performance analysis of a trapezoidal thermoelectric cooler
(TECQ) using FEM. Their research focused on optimizing the geometry of the TEC to
enhance its cooling performance while maintaining structural integrity. The results
indicated that specific geometric configurations could significantly improve the
conversion efficiency of the thermoelectric module, showcasing the utility of FEM in

optimizing module designs for practical applications [59].

In another study, Hotek explored the thermoelectric properties of geopolymer
mortar doped with graphite powder. The research employed FEM to simulate the
effects of doping on the thermoelectric performance of the composite material. The
findings suggested that optimizing the doping concentration could lead to enhanced
power factors, which are critical for improving the overall efficiency of thermoelectric
systems - [49]. This work illustrates how FEM can be used to optimize material
compositions for better thermoelectric performance. Zhu et al. further demonstrated
the application of FEM in the geometrical design and optimization of thermoelectric
generators. Their study utilized artificial neural networks in conjunction with FEM to
accurately predict the performance of thermoelectric generators based on various
design parameters. This hybrid approach allowed for the identification of optimal
geometrical configurations that maximize thermoelectric efficiency [60]. The integration
of machine learning with FEM represents a promising direction for future research in

thermoelectric optimization.

Kishore et al. employed FEM to conduct a Taguchi optimization of bismuth-
telluride-based thermoelectric coolers. Their study analyzed a comprehensive set of
parameters affecting the performance of thermoelectric modules, including material
properties and operational conditions. The results indicated that FEM could effectively
predict the performance of thermoelectric devices under varying conditions, providing
valuable insights for optimizing module designs [61]. Additionally, Shittu et al.

investicated the electrical and mechanical performance of a segmented solar
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thermoelectric generator using FEM. Their numerical study focused on the impact of
non-uniform heat flux on the thermoelectric performance and mechanical reliability
of the generator. The results demonstrated that FEM could be used to optimize the

design of thermoelectric generators for enhanced performance and longevity [62].

2.5.3 Application of FEM for CaMnO; and multi-layer concrete brick modules

Using FEM to simulate thermoelectric performance of n-type CaMnOzg in multi-

layer concrete bricks

FEM is a powerful tool for simulating and optimizing the thermoelectric

performance of materials like n-type CaMnO3 embedded within multi-layer concrete
bricks. FEM enables detailed analysis of heat transfer, electrical conductivity, and

overall thermoelectric efficiency under various conditions.
Modeling thermal distribution

FEM can simulate thermal distribution within multi-layer concrete bricks
containing CaMnO3 modules. By modeling different configurations (such as I-layer and
lll-layer bricks), it is possible to evaluate how thermal insulation affects temperature
gradients across the thermoelectric module. These simulations incorporate boundary
conditions that reflect real-world scenarios, such as ambient temperature changes and
heat sources. For example, simulations have shown that lll-layer bricks maintain a larger

temperature difference (up to 172°C) compared to simpler configurations.
Electrical conductivity simulation

FEM allows for the simulation of electrical current flow through the n-type

CaMnO3 module when exposed to thermal gradients. This includes modeling how

changes in load resistance affect output voltage and power generation. It also accounts

for electrical interface resistances between the CaMnO3 module and the surrounding

concrete, providing critical insights into overall electrical performance.
Thermoelectric properties assessment

FEM is useful for modeling the Seebeck coefficient and power factor of n-type

CaMnO3 under different temperature conditions. By simulating various temperature



37

ranges (e.g., 300 K to 600 K), researchers can predict how these properties evolve and
adjust material composition for improved thermoelectric performance. For instance,
FEM can predict output voltage for different operational conditions, and studies show
that lll-layer brick configurations produce higher output voltages than I-layer bricks due

to better thermal management.
Experimental validation

FEM simulations are typically validated against experimental results to ensure
accuracy. Studies have shown a good agreement between simulated and measured
temperature differences and output voltages in  different configurations of
thermoelectric concrete bricks. This iterative process helps refine material properties

and configurations based on predicted performance.
Multi-physics simulations

Advanced FEM simulations can couple thermal and electrical behaviors,
providing. a - holistic. view of thermoelectric systems. This approach helps in
understanding -the interactions between heat transfer and electrical conduction,
enabling researchers to optimize material properties and geometric configurations for

maximum-efficiency.
Challenges in FEM simulations: material heterogeneity and boundary conditions

While FEM is highly effective, it faces challenges, especially when simulating
heterogeneous materials and establishing boundary conditions. Heterogeneous
materials, such as composites or polycrystalline substances, have varying properties at
the microstructural level, making it difficult to predict their macroscopic behavior.
Factors like grain size and morphology influence the overall material response,
requiring detailed microstructural modeling. High-resolution models are often needed,
which increases computational costs and simulation time. Creating accurate meshes
for FEM simulations of heterogeneous materials is time-consuming and prone to
convergence issues due to discontinuities in material properties. Techniques like using

tomographic images can help but add complexity to the mesh generation process.
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Establishing proper boundary conditions is essential for accurate simulation
results. Inaccurate or overly simplistic boundary conditions can introduce significant
errors. For example, periodic boundary conditions may not always be suitable for non-
periodic microstructures. Recent advancements, such as soft periodic boundary
conditions, aim to improve realism, but they are complex and require careful
calibration. In multi-scale simulations, linking boundary conditions between macro and
micro scales is challenging, as the macroscopic model must accurately reflect the

microscopic behavior.
Studies for FEM analysis of thermoelectric materials in structural applications

The optimization of thermoelectric materials and modules through FEM
analysis is a critical area of research that enhances the performance of thermoelectric
devices in structural applications. FEM provides a robust framework for simulating the
thermal, electrical, and mechanical behaviors of thermoelectric materials, allowing for

the identification of optimal designs and configurations.

One significant application of FEM in thermoelectric materials is illustrated in
the work by Ziotkowski et al., who studied the design of thermoelectric generators
(TEGs) for waste heat recovery in aviation applications. Their research utilized FEM to
model the thermal and electrical performance of TEGs integrated into jet engine
nozzles. By applying computational fluid dynamics (CFD) results as boundary
conditions, they were  able to simulate various thermocouple configurations and
optimize the heat transfer coefficients, thereby enhancing the efficiency of the
thermoelectric modules [63]. This study exemplifies how FEM can be employed to

refine the design of thermoelectric systems in real-world applications.

In another study, Zhang and Wang conducted FEM analysis on the temperature
and electric potential fields of interface cracks in layered thermoelectric materials.
Their research focused on the nonlinear fully coupled thermoelectric behavior,
incorporating factors such as Joule heating, Fourier's heat conduction, and the Peltier
effect. The findings highlighted the importance of understanding the interactions
between thermal and electrical fields in optimizing thermoelectric materials for
structural applications [15]. This approach underscores the versatility of FEM in

addressing complex thermoelectric phenomena. Wolf et al. explored the geometric
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optimization of thermoelectric modules using FEM simulations. Their study compared
different module designs to assess the impact of geometric configurations on power
output and conversion efficiency. By analyzing the thermoelectric parameters of
various materials, they demonstrated that careful design considerations could lead to
significant improvements in thermoelectric performance [64]. This research illustrates
the potential of FEM to guide the engineering of thermoelectric modules for enhanced

functionality.

Additionally, the work by Zhu introduced a nonlocal numerical simulation
approach to analyze thermoelectric coupling fields. This method provides a
mathematical framework for understanding the intrinsic relationships between material
parameters ~and output properties, facilitating the performance analysis of
thermoelectric structures [65]. Such advanced modeling techniques can offer deeper
insights into the optimization of thermoelectric. materials. The optimization of
thermoelectric materials through structural modifications is further supported by the
findings of Qian et al., who investigated the effects of material anisotropy on the
transverse thermoelectricity of layered composites. Their study utilized FEM to analyze
how anisotropic properties could enhance thermoelectric performance, particularly in
applications where decoupling electric current and heat flux is advantageous [66]. This
highlights the role of FEM in exploring new material configurations for improved
thermoelectric efficiency. Moreover, the research conducted by Jiang et al. examined
the effects of hole and crack seometries on the multi-field behaviors of thermoelectric
materials under oblique loads. Their FEM simulations provided valuable insights into
how structural defects influence thermoelectric performance, emphasizing the

importance of considering mechanical stresses inthe design of modules [67].

2.6 Synthesis and characterization techniques for thermoelectric

materials
2.6.1 Solid-state reaction techniques

Overview of solid-state reaction methods
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Solid-state reaction methods are commonly wused for synthesizing
thermoelectric materials due to their ability to produce high-purity compounds with
controlled stoichiometry. One such technique, 3D ball milling, has gained attention for
preparing fine powders, which can enhance thermoelectric performance. Solid-state
reactions involve reacting solid precursors at elevated temperatures to form the
desired compound. Precursors like metal oxides or carbonates are mixed in
stoichiometric ratios and heated to promote chemical reactions and phase formation.

Precise temperature control is essential to prevent unwanted phase changes.
3D ball milling

3D ball milling involves rotating a chamber filled with grinding media and
materials to reduce particle size and improve homogeneity. This process helps
distribute precursor materials uniformly, which is critical for consistent thermoelectric
properties. Adjusting milling time and conditions optimizes the microstructure and

composition for better performance.
Applications in thermoelectric materials

For example, magnesium silicide (Mg2Si) powders have been synthesized
through ball -milling ‘and" thermal annealing under inert conditions, enhancing
thermoelectric performance.  Similarly, BizxTez-based thermoelectric materials,
prepared via solid-state methods combined with - selective laser melting, exhibit
improved  mechanical properties ~while  retaining favorable thermoelectric

characteristics.
Challenges and considerations

Maintaining the correct temperature profile during calcination is crucial, as
excessive heat may cause undesired phase changes or degradation. Particle size
variability can affect thermoelectric performance, and while techniques like ball milling
help mitigate these issues, they require careful optimization. Scaling up these processes

for industrial use presents additional challenges related to consistency and cost.
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Factors affecting material synthesis

Temperature plays a key role in solid-state reactions by influencing reaction
rates and phase formation. Higher temperatures can increase reaction efficiency, but
must be controlled to prevent unwanted transformations. For instance, specific
annealing temperatures are required for phase formation in materials like magnesium
silicide (Mg2Si). Applying pressure during synthesis can enhance material densification
and improve thermoelectric properties. However, the increased energy requirements
and safety concerns associated with high-pressure environments must be considered.
Longer milling times typically result in smaller particles and better mixing. However,
excessive milling can introduce defects or amorphization. Studies indicate that optimal
milling durations depend on the material; for example, magnesium and silicon powders
showed reduced grain sizes after milling, with thermal annealing required for phase
formation. Precise control over reactant ratios is essential for achieving desired
thermoelectric = properties. - Incorrect ratios  can result in phase segregation or
incomplete reactions, leading to heterogeneous microstructures that negatively affect

material performance.

2.6.2 Characterization techniques

X-ray diffraction (XRD) is widely used to identify crystal structures and assess
phase purity-in thermoelectric materials. By analyzing diffraction patterns, researchers
can determine crystallographic phases, lattice parameters, and detect impurities that
may degrade performance. XRD-is also crucial for tracking phase stability under varying
temperatures.

Scanning electron microscopy (SEM) provides high-resolution images of material
morphology, allowing researchers to observe grain boundaries, surface roughness, and
defects. SEM is also used for particle size analysis, providing insights into how particle
size and distribution influence thermoelectric properties.

Raman spectroscopy is essential for identifying and evaluating the quality of
rGO in composites. Characteristic peaks, such as the G and D bands, indicate the degree
of reduction and defect levels. This technique helps researchers optimize the structural

and electronic properties of rGO for improved thermoelectric performance.
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UV-Visible spectroscopy measures the absorbance of materials to evaluate
optical properties, band gaps, and defect states. It is particularly useful for determining
band gaps in thermoelectric materials, which are critical for optimizing electronic
properties and enhancing performance.

2.6.3 Measurement of thermoelectric properties

Key thermoelectric properties include electrical conductivity, the Seebeck
coefficient, and thermal conductivity. These properties are essential for evaluating a
material's overall thermoelectric performance. The Four-probe method and Van der
Pauw method are common techniques for measuring electrical conductivity. Both
minimize contact resistance and provide accurate measurements, which are typically
assessed as a function of temperature. The Seebeck coefficient is measured by creating
a temperature gradient across a sample and recording the resulting thermoelectric
voltage. The relationship between voltage and temperature difference is used to
calculate the Seebeck coefficient, which is crucial for understanding the material's
energy conversion efficiency. The laser flash technique measures thermal diffusivity by
recording temperature rise after a short laser pulse. Thermal conductivity is then
calculated using thermal diffusivity, density, and specific heat capacity. The Gustafsson

probe method and steady-state methods are also used to assess thermal conductivity.

Challenges in measuring thermoelectric properties of CaMnOz and C;,A-rGO
composites

Accurately ‘measuring thermoelectric properties, especially in materials like
CaMnO3 and Cj,A+-rGO composites, presents several challenges. For CaMnO3, low
electrical conductivity and' high thermal conductivity complicate measurements,
making it difficult to isolate thermoelectric performance. Strategies like optimizing
dopants and using controlled synthesis conditions can improve consistency and
performance. For C;,A;-rGO composites, achieving a uniform distribution of rGO is
critical. Agglomeration can lead to uneven properties, affecting thermoelectric
measurements. Advanced mixing techniques and multiple characterization methods

can help ensure uniformity and improve measurement accuracy.
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Review of experimental setups for assessing thermoelectric performance of

CaMnO; and C,A-rGO composites

The assessment of thermoelectric performance in materials such as CaMnO,
and Cy,A-rGO composites requires sophisticated experimental setups that can
accurately measure key thermoelectric properties, including electrical conductivity,
Seebeck coefficient, and thermal conductivity. Various methodologies have been
developed to facilitate these measurements, each with its own advantages and
limitations. For the evaluation of thermoelectric properties, the four-probe method is
commonly employed. This technique allows for the precise measurement of electrical
conductivity by minimizing contact resistance, which is critical for accurate results. For
instance, Dobosz et al. utilized a specialized crucible design that enabled simultaneous
measurement of electrical conductivity and thermoelectric power ina controlled argon
atmosphere, demonstrating the effectiveness of this approach in obtaining reliable data
on thermophysical properties [68]. Such setups are essential for materials like CaMnOs,
where the electrical properties can be significantly influenced by factors such as

temperature and phase transitions.

In the case of Cy,A;-rGO composites, the experimental setup often involves the
synthesis -of the composite followed by characterization using techniques such as
X-ray photoelectron spectroscopy (XPS) and Raman spectroscopy to confirm the
presence of reduced graphene oxide and its interaction with the C;,A; matrix. Khan et
al. highlighted the importance of XPS in confirming the chemical composition and the
stability of oxygenated functional groups in the rGO layer, which can affect the
thermoelectric properties of the composite [69]. This characterization is crucial for
understanding how the integration of rGO influences the overall thermoelectric
performance. Moreover, the thermoelectric performance can be further enhanced by
optimizing the microstructure of the composites. Techniques such as high-energy ball
milling can be employed to achieve a uniform distribution of rGO within the C;,A;
matrix, which can lead to improved electrical conductivity and reduced thermal
conductivity through enhanced phonon scattering. This method has been shown to
facilitate the formation of solid solutions and improve densification during subsequent

sintering processes, ultimately contributing to better thermoelectric performance.
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Another innovative approach involves the use of field-effect setups, which
allow for the tuning of thermoelectric properties through reversible doping. Although
primarily demonstrated in materials like SnSe2, the principles can be adapted for other
thermoelectric materials, including C;,A-rGO composites. This method enables
researchers to explore the effects of carrier concentration on thermoelectric
performance in real-time, providing valuable insights into the optimization of

composite materials [70].

2.7 Summary of key insights from the literature
2.7.1 Critical analysis of research trends

The literature reveals significant progress in the development and integration
of thermoelectric materials, particularly focused on n-type CaMnOz modules in
structural materials like concrete bricks, and Ci,A7-rGO composites with ultra-high rGO
content. These materials have been shown to improve thermoelectric performance

when appropriately optimized.

Research has explored various doping strategies, such as Nb and Sr, to enhance
the Seebeck coefficient and electrical conductivity in CaMnOgz. The material’s high
thermal stability and low thermal conductivity make it a candidate for thermoelectric
modules in energy-harvesting systems integrated within concrete. However, challenges
related to achieving a high ZT value still remain, necessitating further optimization of
doping methods and synthesis techniques, including sol-gel ‘and co-precipitation
methods. Studies have demonstrated that incorporating rGO into C;,A; improves
electrical conductivity and overall thermoelectric performance. The key challenge lies
in achieving uniform distribution and preventing agglomeration of rGO within the
composite. While higher rGO content is known to enhance thermoelectric properties,
ultra-high concentrations pose stability challenges and can negatively impact material
homogeneity and mechanical strength. Advanced synthesis techniques, including 3D

ball milling and hybrid processing methods, are being explored to address these issues.

FEM simulations have been extensively used to model the thermal and

electrical behavior of thermoelectric systems, particularly in multi-layer concrete bricks
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embedded with CaMnO3 modules. These models assist in understanding heat transfer,
temperature gradients, and electrical output within structural materials, providing
insights for optimizing material configurations to improve energy conversion efficiency

in building applications.

Gaps in existing research

While rGO has shown promise in enhancing thermoelectric properties, there is
a gap in understanding how ultra-high rGO content affects long-term stability and
uniformity in C;,A; composites. Agglomeration and inconsistent dispersion are recurring
issues, which need to be further studied to achieve better material performance.
Despite promising results from the integration of thermoelectric modules into concrete
bricks, more research is-needed to assess their long-term durability and performance
under environmental stressors, such as temperature fluctuations and mechanical

loads, typical in real-world construction environments.

Opportunities for further research

The combination of ultra-high rGO content in C;,A; and optimized multi-layer
configurations of n-type CaMnO3 in concrete bricks presents a unique opportunity to
significantly enhance thermoelectric conversion efficiency. Research can explore hybrid
materials and innovative configurations that improve electrical conductivity while
maintaining - structural integrity.  Extending - FEM simulations to ~multi-physics
environments can help predict more complex interactions between thermal, electrical,
and mechanical properties. This would aid.in developing more efficient thermoelectric
systems, especially those embedded in structural applications, where material

behavior is affected by various real-world factors.

2.7.2 Relevance to the thesis study

The literature aligns well with the objectives of the current research, which
focuses on enhancing thermoelectric conversion efficiency through the development
of n-type CaMnO3 modules in multi-layer concrete bricks and ultra-high rGO content
in C;,A; composites. Both materials show significant promise for improving energy
efficiency in modern construction and thermoelectric systems. The current study builds
upon the existing body of research by specifically addressing the gaps in understanding

related to ultra-high rGO content in Cj,A; and the practical integration of CaMnOg3
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thermoelectric modules within structural elements like concrete bricks. By using FEM
modeling to optimize both material composition and structural integration, this
research provides a novel approach to improving thermoelectric conversion efficiency
in sustainable building applications. This will contribute to advancing the application
of thermoelectric materials in real-world scenarios, such as energy-harvesting buildings

and smart infrastructure.

Current chapter provided a detailed review of thermoelectric materials,
focusing on the Seebeck and Peltier effects, ZT, and the advancements in n-type
CaMnO3 and C;,A;-rGO composites. We also explored the methods used to enhance
the thermoelectric efficiency of these materials, including doping and nano-structuring
techniques. This foundation is essential as it frames the motivation for developing more
efficient thermoelectric devices. In the following chapter, we will transition from theory
and literature review to the practical aspects of material synthesis and characterization.
Chapter three will focus-on the methods used to synthesize ultra-high rGO content
Ci,A; composites and n-type CaMnQOs. Through detailed analysis, we will explore how
different synthesis techniques, such as solid-state reactions and ball milling, contribute
to optimizing - thermoelectric - properties.  Additionally, we - will present the
characterization methods employed to assess the structural and electrical properties
of these materials, laying the groundwork for their application in energy conversion

devices



Chapter 3

Materials and methodology

3.1 Synthesis of thermoelectric materials

The synthesis of thermoelectric materials for this study includes two distinct
systems: the n-type CaMnO3 for multilayer thermoelectric concrete brick applications
and Cy,A-rGO composites with ultra-high rGO content. The goal is to enhance the
thermoelectric conversion efficiency by integrating these materials into devices that
can capture and convert heat into electricity. Thermoelectric. materials work by
exploiting the Seebeck effect, where a temperature gradient generates a voltage
difference. To improve performance, the materials must have a high Seebeck
coefficient, low thermal conductivity, and optimized electrical conductivity. The
chosen materials—CaMnO3g, known for its perovskite structure, and C;,A; doped with
rGO—offer promising thermoelectric properties. The CaMnO3 system'is ideal for high-
temperature applications due to its thermal stability, while C;,A;-rGO composites are
expected to enhance electrical conductivity and reduce thermal conductivity through
the introduction of rGO. The synthesis methodologies adopted in this study focus on
solid-state reaction techniques, with careful attention to the composition, mixing
methods, and heat treatment processes to ensure the successful formation of the

desired phases and properties.

3.1.1 Synthesis of Cy,A; and ultra-high rGO content C;,A;-rGO composites

The C12A7 and ultra-high rGO content C;,A;-rGO composites were synthesized
using the solid-state reaction method. The starting materials to synthesize C;,A;,
calcium carbonate (CaCO3) and alumina powder (Alo03), were procured from Sigma
Aldrich with 98% purity. These materials were mixed in a 12:7 molar ratio to achieve
the required stoichiometry for C;,A; formation. The mixing process was carried out in
a ball milling machine for 24 hours at 300 rpm to ensure a homogeneous distribution
of the reactants. The uniformity of the mixture is crucial because it leads to consistent

and complete reactions during the calcination process. After mixing, the powders were
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calcined at 1623 K for 3 hours in an ambient air atmosphere. This high-temperature
calcination step facilitates the formation of the C;,A; phase by allowing the calcium
carbonate and alumina to react fully. Table 3.1 displays flowchart of the Cj,A;

synthesizing process

( Start: Procure Materials W

A 4

CaCO3 and Al203 from Sigma Aldrich with 98% purity

v

Mix in 12:7 molar ratio

A4

Ball milling for 24 hours at 300 rpm

A 4

Check mixture uniformity

A 4

Calcination at 1623 K for 3 hours in ambient air

A 4

[ End: Formation of C;,A; phase 1

Figure 3.1 Flowchart of the Ci,A; synthesizing process

Once the pure C;,A; phase was obtained, the powder was further processed to
create the C;,A-rGO composites. Figure 3.2 displays flowchart of the C;,A-rGO
composites synthesizing process. Reduced graphene oxide (rGO) was introduced into
the Cy,A; matrix in varying weight percentages (40%, 50%, 60%, and 70%) to assess the
impact of rGO content on the composite’s thermoelectric properties. The mixing of
rGO with C;,A; was again performed using a 3D ball milling machine, with the rotation

speed set at 300 rpm for 24 hours. Figure 3.3 displays 3D ball milling reactor (Nagao
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system inc.). The prolonged mixing time ensured the uniform dispersion of rGO within
the Ci,A; matrix, which is vital for improving electrical conductivity by creating

conductive pathways within the composite.

gas out
»

3D ball milling for 24 h,

300 rpm, room temperature

ceramic boats

1173 K, 5hr

ﬁ
—10mm — tl_r_n_rzw
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Figure 3.2 Flowchart of the C;,A;-rGO composites synthesizing process

The resulting powder was then compressed into specific_shapes, including
rectansular rods (5 mm x 5 mm x 20 mmm) and circular pellets (10 mm in diameter and
2 mm in height), using a hydraulic press with a uniaxial pressure of 5000 kPa. This
pressing step is essential to achieve a high density in the final composite, which directly
influences its thermoelectric performance. Following compression, the pellets were
subjected to heat treatment at 773 K for 30 minutes under an argon atmosphere. The
controlled atmosphere and heat treatment improve the structural integrity of the
composite and ensure the proper interaction between C;,A; and rGO. The
incorporation of rGO is expected to enhance the electrical properties by providing
additional charge carriers, while the overall structure is optimized to minimize thermal

conductivity by scattering phonons at the grain boundaries.
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Figure 3.3 3D ball milling reactor

3.1.2 Synthesis of n-type CaMnO3

The synthesis of n-type CaMnO3 was performed using a solid-state reaction
method, known for producing high-quality ceramic materials. The starting materials for
CaMnO3 synthesis were calcium carbonate (CaCOs, 99% purity) and manganese
dioxide (MnO2, 99% purity), both sourced from Sigma Aldrich. These materials were
weighed in stoichiometric amounts and mixed using a ball milling technique for 12
hours. This extended mixing period ensured a uniform blend of the reactants, which is
critical for-achieving the desired perovskite phase of CaMnO3 during the subsequent
sintering process. After the mixing step, the powder was compacted into cylindrical
rods, with dimensions of 1.0 cmin diameter and 2.0 cm in height, using a semi-
autonomous hydraulic press. The compacted rods were then sintered in an electric
furnace at 1373 K for 12 hours. This high-temperature sintering process allowed the
reactants to fully convert into the perovskite structure of CaMnO3, which is crucial for
its thermoelectric properties. The sintering process also densified the material, reducing
the porosity and improving the electrical conductivity of the CaMnOg3 rods. The phase
formation of CaMnO3 was confirmed using X-ray diffraction (XRD), with the diffraction
patterns matching the standard JCPDS reference file for perovskite CaMnOs.
Additionally, scanning electron microscopy (SEM) was used to examine the grain
structure of the sintered CaMnO3 rods, and energy-dispersive X-ray spectroscopy (EDS)
confirmed the homogeneous distribution of calcium, manganese, and oxygen atoms

within the material. Figure 3.4 displays flowchart of the CaMnO3 synthesizing process.
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Figure 3.4 Flowchart of the CaMnQO3 synthesizing process
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Figure 3.5 CaMnO3 synthesizing process
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The sintered CaMnO3 rods were then incorporated into a unileg thermoelectric
module. Figure 3.5 displays the CaMnO3 synthesizing process [71]. This module design
simplifies the manufacturing process by using only n-type material, reducing the
number of joining points and minimizing thermal expansion mismatch during operation.
The CaMnO3 rods were embedded in thermally insulating concrete bricks, which were
fabricated with multiple layers of insulation to enhance the temperature difference
across the thermoelectric module, thereby improving its efficiency. To optimize the
thermoelectric performance of the CaMnO3 modules, the thermoelectric concrete
bricks were designed with different insulation layers. The I-layer brick consisted of a
single layer of thermal insulation, while the lll-layer brick incorporated three layers of
different insulating materials to further reduce heat loss and increase the temperature
gradient. This multi-layer design was optimized using FEM simulations to model the

thermal and electrical behavior of the modules under various operating conditions.

3.2 Characterization of C,A;, C;,A;-rGO composites, and CaMnO3
Characterization of ‘the synthesized C;»A7-rGO composites-.included X-ray
diffraction (XRD) to confirm the formation of the C;,A; phase and to identify the
presence of rGO. The crystallite sizes of the composites were calculated using
Scherrer’s equation, revealing sizes in the range of 43.6 to 47.9 nm, depending on the
rGO content. ~Scanning electron microscopy  (SEM) and energy-dispersive X-ray
spectroscopy. (EDS) were used-to assess the morphology and distribution of rGO in the
matrix, ensuring a uniform - dispersion essential for the composite's enhanced

thermoelectric properties.

3.2.1 XRD

XRD is a powerful technique widely used to identify crystalline structures, phase
purity, and lattice parameters of materials. When X-rays interact with a crystalline
material, they are scattered in specific directions, producing diffraction patterns that
are characteristic of the material's atomic structure. By analyzing these diffraction
patterns, one can determine the crystal structure, identify different phases present in
the sample, and measure lattice parameters. In thermoelectric materials like CaMnO,

and composites like C;,A;-rGO, XRD plays a crucial role in confirming the successful
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synthesis of the desired crystalline phases, ensuring phase purity, and detecting any

secondary phases or impurities that may affect thermoelectric properties.

The XRD measurements were conducted using a Rigaku Miniflex X-ray
diffractometer with Cu KOl radiation (A = 1.5406 A). The samples were scanned over a

20 range of 10° to 80°, with a step size of 0.02° and a scan rate of 2°/min. These
parameters are optimized for accurately detecting the crystalline phases in both
CaMnO3 and C;,A;-rGO composites. In the case of the C;,A;-rGO composites, care was
taken to ensure uniform sample preparation to minimize any surface roughness, which
could affect the diffraction results. The XRD setup provided high-resolution patterns

essential for detecting both major and minor phases within the synthesized materials.

The expected outcome of the XRD analysis was-to confirm the successful
synthesis of the crystalline phases for both CaMnOs and C;,A;-rGO composites. For
CaMnQ3, the characteristic peaks of the perovskite structure were expected, along with
calculated lattice parameters matching those reported in the literature. For the
C1,A7-rGO composites, the presence of the cubic Ci,A; phase, along with the broad
peak indicating the rGO content, was anticipated. Additionally, the analysis aimed to
detect any secondary phases or impurities, which could arise due to incomplete
reactions or agelomeration of rGO. Identifying these factors is crucial, as they can
significantly -affect the thermoelectric performance of the materials. The Rietveld
refinement process was also expected to provide precise values for lattice strain and
crystallite size, which are important. for understanding the microstructural

characteristics of the materials and their impact on thermoelectric efficiency.

3.2.2 Scanning electron microscopy (SEM)

Scanning Electron Microscopy (SEM) is an essential technique for imaging the
surface morphology of materials at high magnifications and resolutions. SEM provides
detailed information about the shape, size, and distribution of particles, as well as the
grain boundaries, which are critical for understanding the material's physical and
electrical properties. For thermoelectric materials, SEM aids in analyzing the
homogeneity of the composite and the interaction between different phases, such as

Ci,A7 and rGO in Ci,A7-1GO composites.
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The SEM analysis was carried out using a JEOL SEM JSM-5800 LV system to
observe the surface morphology and particle size of the C;,A;, Ci,A-rGO composites,
and CaMnO3 samples. The SEM operated at an acceleration voltage of 15 kV, providing
images with high resolution and magnification. The samples were coated with a thin
layer of gold to ensure conductivity and improve the image quality. The C;,A;-rGO
composites were prepared in various rGO content configurations (40%, 50%, 60%, and
70% by weight), while CaMnO3 was analyzed in its sintered form after the solid-state

reaction.

The SEM characterization provided crucial insights into the morphological
properties of the synthesized materials. For C;,A;-rGO composites, the uniform
wrapping of GO around Cy,A; grains is expected to enhance electrical conductivity
while reducing thermal conductivity due to phonon scattering at grain boundaries. The
agglomerated rGO.content observed at higher rGO loadings may improve electrical
pathways, althoush it could also increase thermal conductivity. For CaMnO3, the grain
size and uniform elemental distribution suggest that the material will exhibit stable
thermoelectric  properties, making it a promising candidate for high-temperature

thermoelectric devices.

3.2.3 Raman spectroscopy

Raman Spectroscopy. was employed to investigate the. vibrational modes,
bonding characteristics, and structural properties of C;,A;, C;,A-rGO composites, and
CaMnO3. This technique allows for the identification of molecular interactions and
crystalline phases, providing crucial insights into the quality of the synthesized
materials, particularly the rGO content and bonding environment in C;,A,-based
composites.

Raman spectroscopy is a non-destructive technique used to study vibrational,
rotational, and other low-frequency modes in materials. It is highly effective in
identifying specific bonding characteristics and defects in graphene-based materials like
rGO. The D-band (associated with disordered carbon atoms) and the G-band (indicative
of sp? carbon bonding) are key features in rGO characterization. For C;,A;-rGO

composites, Raman spectroscopy helps confirm the presence of rGO and assess the
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extent of reduction. In the case of CaMnO3, Raman spectra can provide information

about its perovskite structure and lattice vibrational modes.

The Raman spectra of the synthesized materials were recorded using a Thermo
Fisher DXR Smart Raman spectrometer with a laser wavelength of 532 nm. The laser
power was set at 10 mW to avoid sample damage, and the spectral range spanned
from 200 to 2000 cm™. Samples were prepared by pressing the powder into small
pellets to ensure uniform laser interaction with the material surface. For C;,A;-rGO
composites, the focus was on identifying the characteristic D and G bands of rGO, while
for CaMnOg3, attention was given to the characteristic vibrational modes of the

perovskite structure.

Raman spectroscopy confirmed the successful-incorporation of rGO into the
Ci,A; matrix. The intensity ratio of the D-band to G-band (ID/IG) provided valuable
information about the quality of rGO in the composites. A consistent ID/IG ratio across
the samples suggests uniform rGO content and a stable reduction process during
synthesis. Additionally, the absence of significant peaks in the 700-800 cm™' range for
the C;,A-rGO composites indicates that the introduction of rGO influenced the oxygen
ion framework in the C;,A; structure. For CaMnO3, the Raman spectra verified the
structural -integrity of -the synthesized material, confirming the retention of the
perovskite structure after processing. This suggests that the material’s vibrational

properties, which are critical for its thermoelectric behavior, were preserved.

3.2.4 UV-VIS Spectroscopy

UV-VIS spectroscopy is an analytical technique used to study the optical
properties of materials by measuring the absorption of ultraviolet and visible light
across a range of wavelengths. This method helps in determining the electronic
transitions within a material and is particularly useful for analyzing the band gap of
semiconductor and composite materials. The band gap energy, which separates the
valence band from the conduction band, is crucial in defining the electronic and optical
properties of materials. For thermoelectric materials such as CiA;, CiA-rGO
composites, and CaMnO3, the band gap directly influences the material's electrical
conductivity and Seebeck coefficient, both of which are critical for improving

thermoelectric performance.
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The UV-VIS spectra for the C;,A; and C;,A;-rGO composites were obtained using
a Shimadzu model UV-2600 spectrometer. The measurement was performed in the
wavelength range of 200 to 800 nm at room temperature. Samples were prepared by
compressing the synthesized powders into thin circular pellets with a diameter of
approximately 10 mm. Each pellet was mounted on a quartz holder for measurement

to ensure that the UV light passed uniformly through the sample.

For CaMnO3, the sample preparation followed a similar procedure, with the
pellets being sintered to increase the material's density. The absorbance spectra were
measured over the same wavelength range, with careful attention to the peaks that
indicate electronic transitions within the material. The experimental setup ensured that

the measurement conditions were consistent for both material systems.

The UV-VIS spectroscopy analysis provided essential insights into the electronic
structure of the synthesized materials. The decrease in the direct and indirect band
gaps of the Ci,A;-rGO composites with increasing rGO content suggests that the rGO
significantly alters the energy band structure of the composite. This modification is
beneficial for thermoelectric applications, as it enhances electrical conductivity by
introducing additional electronic states that facilitate charge carrier transport. For
CaMnOQOg, the relatively small band gap indicates that the material can maintain good
electrical conductivity at high temperatures, making it suitable for applications in
thermoelectric devices embedded in concrete bricks. The band gap values obtained
through UV-VIS spectroscopy are crucial for correlating the optical properties with the

thermoelectric performance of both C;,A;-rGO composites and CaMnO3.

3.3 Measurement of electrical and thermoelectric properties

This section focuses on the electrical characterization of CiyA;, Ci,A-rGO
composites, and CaMnO3. Measuring the electrical conductivity is critical to
understanding the charge transport properties of these materials and their suitability
for thermoelectric applications. In this study, the four-point probe method was utilized

for the precise measurement of electrical conductivity.
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3.3.1 Electrical conductivity

The four-point probe technique was employed to measure the electrical
conductivity of C;,A;, C1,A7-rGO composites, and CaMnO3. This method is widely used
because it minimizes contact resistance, providing more accurate measurements of
bulk material conductivity. The technique involves placing four equally spaced probes
in contact with the sample surface, with an outer pair of probes supplying current and
an inner pair measuring the voltage drop. By measuring the potential difference and
the current through the sample, the resistivity can be calculated, which is inversely

related to the electrical conductivity.

The electrical conductivity of Ci,A; and Cj,A;-rGO composites was measured
across a range of temperatures (303 K to 573 K) using a four-point probe setup. The
probe spacing was optimized for each sample to ensure accurate results, and the
current-voltage measurements were recorded using a' Keithley 2400 source meter.
Similarly, for the CaMnO3 samples, the measurements were conducted over the same
temperature range to assess the temperature dependence of the electrical
conductivity. These measurements were performed on cylindrical pellets with 10 mm

diameter and 2 mm thickness.

The expected outcome of the electrical conductivity measurements is that the
incorporation of rGO into the C;,A; matrix would significantly enhance its electrical
conductivity due to the interconnected network of rGO sheets, facilitating charge carrier
transport. The increase in electrical conductivity with rGO content suggests that
optimizing the rGO loading can lead to improved thermoelectric performance.
Additionally, the temperature-dependent conductivity of CaMnOgz indicates its
suitability for high-temperature thermoelectric applications, where it can maintain good
electrical performance. Both materials, C;,A;-rGO composites and CaMnO3, show
promise for use in thermoelectric devices, with the potential to convert waste heat
into electrical energy effectively. The results from these conductivity measurements

are critical in optimizing the materials for enhanced thermoelectric performance.

3.3.2 Seebeck coefficient
The Seebeck coefficient of the synthesized materials was measured using an

LSR-3 Linseis Seebeck Coefficient & Electric Resistivity Unit. The measurement
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technique involved applying a temperature gradient across the sample and recording
the induced voltage difference, from which the Seebeck coefficient was calculated.
The samples were prepared in the form of cylindrical pellets with a diameter of 10
mm and thickness of 2 mm. For both C,A; and C;,A;-rGO composites, the Seebeck
coefficient was measured over a temperature range of 303 K to 800 K. Thermocouples
were attached to both ends of the samples to precisely monitor the temperature
difference across the material. Voltage measurements were taken simultaneously with
the temperature readings to ensure accurate data collection. A similar setup was used
for CaMnO3 samples, with temperature gradients maintained over the same
temperature range. This technique allows for the determination of temperature-

dependent Seebeck behavior.

The Seebeck coefficient measurements confirmed the n-type behavior of both

the C,A7-rGO composites and CaMnOg, with the magnitude of the Seebeck coefficient
increasing with rGO content and temperature. The enhanced Seebeck coefficient in the
composites is attributed to the rGO sheets, which modify the electronic structure and
introduce additional energy states near the Fermi level. The higher rGO content
contributes to improved charge carrier transport, leading to higher Seebeck coefficient
values. In-comparison with other thermoelectric materials, the Seebeck coefficient
values for both C;,A-rGO composites and CaMnO3 fall within the expected range for
n-type thermoelectric, making them promising candidates for thermoelectric energy

conversion applications.

3.3.3 Thermal conductivity

The laser flash-method is a widely adopted technique for measuring thermal
diffusivity, which can then be used to determine the thermal conductivity of a material.
This non-contact method involves directing a short laser pulse at one side of a sample
and measuring the temperature rise on the opposite side. The time taken for the heat
to propagate through the material is recorded, and from this data, thermal diffusivity
can be calculated. Thermal conductivity (K) is then derived from the relationship
K = a - p - Cp, where Qis the thermal diffusivity, P is the material's density, and Cp

is the specific heat capacity. This method is particularly useful for materials like C;,A;-
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rGO composites and CaMnOg, where thermal properties significantly influence their
thermoelectric performance.

The thermal conductivity measurements were conducted using the NETZSCH
LFA 447 Nano-Flash thermal diffusivity analyzer. For this study, circular flat pellets of
CioA7, C1,A-1GO composites, and CaMnO3 with a diameter of 10 mm and a thickness
of 2-3 mm were used. These samples were mounted in the thermal analyzer, and the
laser pulse was applied to the surface of each sample. The temperature rise on the
opposite side was detected by an infrared detector. The experiment was performed
over a temperature range of 300 K to 800 K, which is relevant to thermoelectric

applications.

Specific heat capacity (Cp) was measured using differential scanning calorimetry (DSC)
in a separate experiment, while density (P) was determined using Archimedes’
principle. Both parameters are essential for accurately - calculating the thermal

conductivity.

The expected outcome of the thermal conductivity measurements is a clear
correlation between GO content and thermal conductivity in the C;,A;-rGO
composites. While higher rGO content increases thermal conductivity, it also introduces
more conductive pathways that can improve the overall electrical performance of the
composite.. However, - excessive thermal conductivity can reduce the ZT, as
thermoelectric efficiency depends on maintaining a balance between electrical
conductivity and low. thermal conductivity. For CaMnQ3, the moderate thermal
conductivity observed across the measured temperature range is beneficial for high-
temperature thermoelectric applications. The relatively low thermal conductivity,
combined with good electrical performance, makes CaMnO3 a promising candidate for
thermoelectric modules. These results suggest that optimizing rGO content in
C1,A+-r1GO composites is essential for enhancing thermoelectric performance, while the
inherent thermal properties of CaMnO3 make it suitable for applications requiring

thermal stability at elevated temperatures.

3.3.4 Thermoelectric characterization

The thermoelectric performance of the synthesized C;,A;-rGO composites and

CaMnO3 was evaluated using the ZT. The higher the ZT value, the more efficient the
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material is at converting heat into electricity. To calculate ZT, the Seebeck coefficient,
electrical conductivity, and thermal conductivity were measured as functions of
temperature, ranging from 300 K to 800 K for both materials. The Seebeck coefficient
and electrical conductivity of the C;,A;-rGO composites were measured using a Linseis

LSR-3 system, while the thermal conductivity was determined using the laser flash

method. For CaMnOg3, the Seebeck coefficient and electrical conductivity were
similarly measured, with thermal conductivity data obtained via a NETZSCH LFA 447

thermal diffusivity analyzer.

The results of the thermoelectric characterization indicate that C;,A;-rGO
composites with ultra-hish rGO content are promising candidates for enhancing
thermoelectric efficiency. The ability to fine-tune the electrical and thermal properties
by adjusting the rGO content allows for optimization of the ZT value, especially at
higher temperatures. While the ZT values for Ci,A--rGO composites are still lower than
those of state-of-the-art thermoelectric materials like Bi,Tes, the scalability and cost-
effectiveness of using Ci,A; and rGO make this composite an attractive alternative for
specific ~applications, particularly in waste heat recovery and low-cost energy

harvesting.

3.3.5 Limitation of C;,A;-rGO composites embed in concrete bricks

Use of concrete brick to encapsulate Cj,A;-rGO composites is not performed in
this thesis for several reasons related to the structural, electrical, thermal, and
thermoelectric properties of the C;,A;-rGO composites. Structurally, although concrete
is robust, it is porous and can allow moisture to- penetrate the composite interface.
Prolonged exposure to moisture can lead to chemical interactions or physical
adsorption at grain boundaries, potentially resulting in swelling, delamination, or
microstructural degradation of the composite, which would compromise its mechanical
integrity and durability. Electrically, moisture from concrete can introduce additional
charge carriers or create conductive pathways at the interface, which may interfere
with the intended electrical performance of the C;,A;-rGO composite. This can cause
leakage currents, short circuits, or even degradation of electrical conductivity,

especially if water accumulates within the composite. Thermally, the presence of
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moisture can act as a thermal insulator, facilitate unwanted heat transfer, thereby
altering the effective thermal conductivity of the composite. This can disrupt the
designed thermal management of the system and affect its overall performance.
Thermoelectric properties may also be negatively impacted, as moisture can change
carrier concentration and thermal gradients, thereby reducing the Seebeck coefficient
and power factor. Furthermore, the alkaline environment of concrete could potentially
induce chemical reactions with the composite, further degrading its thermoelectric

efficiency and stability.

3.4 FEM simulation of n-type CaMnOg thermoelectric modules

This section presents the FEM simulation of n-type CaMnOg3 thermoelectric
modules embedded in multi-layer concrete bricks. The simulation aims to optimize
the thermoelectric performance of the modules by analyzing temperature gradients

and electrical behavior.

3.4.1 Model design in COMSOL
Overview of COMSOL Multiphysics software

COMSOL Multiphysics is a powerful' FEM-based simulation software used to
model and simulate a  variety of physics-based problems. For thermoelectric
applications, COMSOL Multiphysics v.5.5. software [72] allows for the coupling of
thermal and electrical phenomena, which is essential for analyzing the performance
of thermoelectric generators (TEGs). In this study, the COMSOL Multiphysics v.5.5
software was employed to simulate the thermal and electrical behavior of the CaMnO3
thermoelectric modules integrated into multi-layer concrete bricks. The software
allows for the solving of heat transfer and thermoelectric effects simultaneously,
including the Seebeck, Peltier, and Thomson effects, which are critical for evaluating

thermoelectric materials.

Geometrical setup and boundary conditions

The simulation model represents a unileg n-type CaMnOg thermoelectric

module embedded within a multi-layer concrete brick. The geometry of the module
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consists of a cylindrical piece of CaMnO3 with a diameter of 10 mm and a height of 20
mm, sandwiched between two aluminum electrodes. The brick is modeled with either
a single layer or three layers of thermally insulating concrete. According to Table 3.1,
the concrete layers are constructed from materials such as CAST 11 LW, CAST 13 LW,
and CAST 15 LW, with thermal conductivities at 400 °C of 0.25 W/m-K, 0.36 W/m-K, and
0.60 W/m:K, respectively.

Table 3.1 The material properties of the thermally insulating concretes of the CAST
11 LW, CAST 13 LW and CAST 15 LW mortars at 400°C

Properties CAST 11 LW CAST 13 LW CAST 15 LW
Specific heat 880 880 880
Density 1025 1400 1500
Thermal conductivity 0.25 0.36 0.60

Boundary conditions were applied to simulate the real operating environment.
A constant temperature of 200°C was assigned to the lower side of the brick,
representing the heat source. The top surface was set at room temperature (30°C),
creating a temperature gradient across the thermoelectric module. Electrical boundary
conditions were applied to simulate the open-circuit voltage measurements, with the
bottom surface grounded (0 V), and the potential difference measured at the upper
electrode. Thermal insulation was applied to the sides of the brick to minimize heat

loss and focus the thermal gradient along the vertical axis.

Mesh generation and material properties

Mesh generation was carried out using COMSOL's automatic meshing function,
ensuring that the mesh density was sufficient to capture the temperature and potential
gradients accurately. A finer mesh was used around the CaMnO3 module and at the
interfaces between the thermoelectric module and the concrete to account for the
thermal interface resistance. The mesh was composed of tetrahedral elements, with
element sizes chosen to balance accuracy and computational efficiency. Figure 3.6
and Figure 3.7 present FEM model of the n-type CaMnOg thermoelectric module

embedded in a I-layer concrete brick and a lll-layer concrete brick, (a) schematic
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diagram of the model, (b) mesh and boundary condition, (c) constant hotter

temperature and (d) electric potential boundary condition. Respectively.

Figure 3.6 FEM model of the n-type CaMnO3 thermoelectric module embedded in
a I-layer concrete brick (a) schematic diagram of the model, (b) mesh and
boundary condition, (c) constant hotter temperature and (d) electric

potential boundary condition

The material properties assigned to the model included the thermal
conductivity, electrical conductivity, and Seebeck coefficient of CaMnO3 and the
concrete layers. The CaMnOz material was assigned a thermal conductivity of
0.65-0.85 W/m-K; electrical conductivity of 100-200 S/m, and Seebeck coefficient of
-457 to =520 pV/K, based on experimental measurements over the temperature range
of 300 to 600 K. The concrete layers had lower thermal conductivities, as mentioned

earlier, to enhance the temperature gradient across the thermoelectric module.



64

(b)

(1

i

Figure 3.7 FEM model of the n-type CaMnO3 thermoelectric module embedded in
a lll-layer concrete brick (a) schematic diagram of the model, (b) mesh and
boundary condition, (c) constant hotter temperature and (d) electric

potential boundary condition

3.4.2 FEM simulation of heat transfer and thermoelectric performance
Thermoelectric module simulation

The FEM simulations of the n-type CaMnOgz thermoelectric modules were
carried out using COMSOL Multiphysics to model both heat transfer and thermoelectric
performance. This involved the simultaneous solving of heat conduction and
thermoelectric equations, which govern the behavior of the module under the applied
temperature gradient. The simulation accounted for the Seebeck effect, Joule heating,

and Peltier effects, providing an accurate depiction of the thermoelectric performance.

The geometry of the thermoelectric module consisted of cylindrical rods of
CaMnO3 (10 mm diameter and 20 mm height) with aluminum electrodes attached to
both ends. The module was embedded in a multi-layer concrete brick consisting of

three thermally insulating materials: CAST 11 LW, CAST 13 LW, and CAST 15 LW, with
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decreasing thermal conductivities from bottom to top. The objective of this multi-layer
structure was to maximize the temperature gradient across the thermoelectric module

by reducing heat loss through the concrete brick.

In the simulation, a heat source was applied to the bottom of the module at a
constant temperature of 200°C, representing a typical waste heat scenario. The top
surface of the module was maintained at room temperature (30°C), creating a significant
temperature gradient necessary for thermoelectric power generation. Boundary
conditions were applied to simulate electrical contacts at the aluminum electrodes.
The lower electrode was grounded (0 V), while the upper electrode was set to measure

the electric potential generated due to the temperature gradient.

Post-processing and data analysis

After running the FEM simulations, the results were analyzed to evaluate the
thermoelectric performance of the CaMnO3 module within the multi-layer concrete
brick. The main. parameters examined were the temperature distribution across the
module and. the concrete structure, and the corresponding electric potential

generated.

3.4.3 Validation of FEM results with experimental data
Comparison of simulation and experimental results

The validation of FEM simulations was performed by comparing the results
obtained from the simulation of the n-type CaMnQO3 thermoelectric module with the
experimentally measured thermoelectric properties. The experimental setup consisted
of measuring the temperature. distribution, Seebeck coefficient, and open-circuit
voltage, followed by a comparison with the same parameters derived from FEM

simulations using COMSOL Multiphysics.

3.5 Construction and testing of multi-layer concrete brick with CaMnO3
modules

3.5.1 Module assembly and integration
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According to Figure 3.8, the assembly of the n-type CaMnOg3 thermoelectric
modules involved fabricating cylindrical rods of CaMnO3g, each with a diameter of 10
mm and a height of 20 mm. These rods were prepared using the solid-state reaction
method, sintered at 1373 K to ensure the formation of the perovskite structure, which
is essential for the material's thermoelectric properties. Aluminum electrodes were
attached to both ends of the CaMnOg rods, serving as thermal and electrical
connectors. These electrodes were polished and coated with a conductive adhesive

to minimize contact resistance during thermoelectric testing.

To integrate the modules into the multi-layer concrete brick, according to

Figure 3.9, two configurations were employed:

I-layer concrete brick: This configuration used a single layer of CAST 11 LW
concrete, which has a thermal conductivity of 0.20 W/m-K at 200°C. This type of
concrete was selected for its ability to provide thermal insulation, thereby enhancing

the temperature gradient across the thermoelectric module.

Figure 3.8 Assembly of the n-type CaMnO3 thermoelectric modules (@) CaMnO3

cylindrical rods (b) n-type CaMnO3 thermoelectric modules

lll-layer concrete brick: In this more advanced design, three layers of concrete
were used to improve thermal insulation and heat management. The layers consisted
of CAST 11 LW (0.20 W/m:-K), CAST 13 LW (0.34 W/m-K), and CAST 15 LW (0.58 W/m-K),

arranged sequentially, from bottom to top. This arrangement was intended to create a
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more gradual heat loss profile, maximizing the temperature difference between the
heated bottom side and the ambient top side, which is critical for generating a larger

Seebeck voltage.

The integration process involved placing the CaMnO3 module in the center of
the mold, carefully aligning it with the electrodes extending out of the brick for later
electrical testing. The concrete mixture was poured into the mold around the module,
and after setting, the brick was heated to 350°C for 24 hours. This process ensured
complete curing of the concrete and the removal of any remaining moisture or plastic
wrapping used during the assembly process. Once cured, the brick provides mechanical
protection and thermal insulation for the CaMnO3 module, effectively creating a
thermoelectric energy harvesting device embedded within a structural material. This
design allows the module to be tested in real-world conditions, where both structural

stability and thermoelectric performance are important.
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Figure 3.9 A Configurations of the multi-layer concrete bricks with n-type CaMnO3
thermoelectric modules inside (a) I-layer concrete brick (b) schematic
diagram of I-layer concrete brick and (c) schematic diagram of lll-layer

concrete brick
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3.5.2 Open Circuit and closed-circuit measurements
The thermoelectric modules embedded in the concrete bricks were subjected
to extensive electrical property testing under both open-circuit and closed-circuit

conditions to assess their power generation capabilities.

Figure 3.10 Open-circuit and closed-circuit measurements (a) the real experimental
setup (b) schematic diagram of open-circuit voltage measurement
(c) schematic diagram of open-circuit internal resistance measurement and

(d) schematic diagram of closed-circuit measurement
Open-circuit testing

In the open-circuit condition, no external load was connected to the module.
A temperature difference was created across the module by heating the bottom
surface while keeping the top surface at ambient temperature (30°C). A temperature
of 200°C was applied to the bottom, creating a significant temperature gradient
necessary for thermoelectric generation. The thermocouples attached to both the hot
(TH) and cold (TC) sides of the module continuously measured the temperatures. The
open-circuit voltage (Voc) generated by the module was recorded using a digital

multimeter. Figure 3.9 displays (a) the real experimental setup, (b) schematic diagram
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of open-circuit voltage measurement, (c) schematic diagram of open-circuit internal

resistance measurement and (d) schematic diagram of closed-circuit measurement.
Closed-circuit testing

In the closed-circuit condition, the module was connected to an external
resistive load to evaluate its power output under practical conditions. The external
resistance was varied systematically to find the maximum power point. The output
current (I) was measured using a digital ammeter, and the power (P) was calculated

using the relation P=IxV, where V is the voltage across the external load.

In this chapter, we discussed the synthesis and characterization techniques for
both ultra-high rGO content C;,A-rGO composites and n-type CaMnO3 materials. We
detailed the solid-state reaction methods and ball milling processes used to ensure
homogeneity and optimal thermoelectric properties for the C;,A;-rGO composites.
Additionally, the synthesis of CaMnO3, using high-temperature sintering to achieve the
perovskite  structure, was thoroughly examined. The chapter also covered various
characterization methods such as XRD, SEM, and Raman spectroscopy, which were
essential in confirming the structural integrity, phase formation, and material properties.
These techniques provided insights into how rGO integration and the perovskite
structure of CaMnO3 contribute to the improved thermoelectric performance of the
materials. In the following chapter, we will present the experimental results and discuss
the thermoelectric properties of the synthesized materials. We will explore how the
rGO content in Cy,A; composites and the multi-layer structure of CaMnO3 modules
embedded in concrete bricks -influence their electrical conductivity, Seebeck
coefficient, and thermal conductivity. This will be combined with the findings from FEM
simulations, offering a comprehensive evaluation of these materials’ potential for

enhancing thermoelectric conversion efficiency in practical applications.



Chapter 4

Results and discussion

4.1 Introduction

This chapter presents the experimental results and discussions focused on

enhancing thermoelectric conversion efficiency using n-type CaMnO3 modules
embedded in multi-layer concrete bricks, as well as ultra-hish rGO content in
C12A7-1GO composites. The results are organized into two main parts: the experimental
findings and the FEM simulation outcomes, which tosether provide a comprehensive
analysis of the thermoelectric performance. The first section covers the synthesis and
characterization of ultra-high rGO content in C,A; composites. This part includes the
impact of synthesis parameters, structural analysis, and thermoelectric properties. It
explores how different rGO contents influence the electrical conductivity and thermal
transport properties of the composites. The second section focuses on the FEM
simulations applied to the n-type CaMnO3 modules within-a multi-layer concrete brick
system. The simulations are used to model the heat and electrical transport processes
under various conditions and to validate the experimental data. The FEM results are
crucial in optimizing the design and placement of these modules to maximize their
thermoelectric efficiency. By combining experimental results with FEM simulations, this
chapter addresses the research objectives of improving the thermoelectric
performance of the materials studied and explores potential applications for energy

recovery in both small- and large-scale systems.

4.2 Synthesis of ultra-high rGO content C;,A;-rGO composites
4.2.1 Solid-State reaction and ball milling process
Overview of the synthesis process
The synthesis of ultra-high rGO content in C;,A;-rGO composites was conducted

using a combination of solid-state reaction and ball milling processes. Calcium

carbonate (CaCO3) and alumina powder (Alo03), both with a purity of 98%, were used
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as the primary precursors for C;,A; synthesis. The initial step involved mixing these
starting materials in a molar ratio of 12:7 for CaCO3 and Alp03. This mixture was
homogenized through ball milling for 24 hours to ensure a uniform distribution of
particles. Subsequently, the mixed powder underwent calcination at a temperature of

1623 K for 3 hours in a natural air atmosphere to form the C;,A; ceramic phase.

Once the C;,A; was synthesized, it was further mixed with rGO to produce
C1,A7-rGO composites with varying rGO content (40, 50, 60, and 70 wt%). This mixture
was subjected to a 3D ball milling process for 24 hours at 300 rpm to ensure
homogeneous dispersion of rGO within the C;,A; matrix. The composites were then
pressed into rectangular rods and circular pellets using a hydraulic press at 5000 kPa.
The final step involved annealing the compressed pellets in a tube furnace at 773 K
for 30 minutes under an argon atmosphere, promoting the structural integration of rGO

into the C;,A; matrix.

Observations

The final product obtained from the synthesis of ultra-high rGO content
C1,A-1GO composites exhibited distinct physical characteristics. After the annealing
process, the composite powders took on a deep black color, which is a hallmark of
rGO integration. The black color intensifies with increasing rGO content, suggesting
effective incorporation of rGO into the C;»A; matrix. This observation was further
supported by Raman spectroscopy, which confirmed the presence of rGO through
characteristic peaks at 1350 cm™ (D-band) and 1580 cm™ (G-band). These peaks indicate
the preservation of rGO's graphitic structure within the composite. The yield of the
synthesis process was consistently high, achieving over 95% reproducibility across
different synthesis batches. This  high yield suggests that the solid-state reaction
combined with ball milling is an efficient method for producing C;,A;-rGO composites
with high rGO content. The homogeneous distribution of rGO within the C;,A; matrix
was confirmed through SEM analysis, which revealed a uniform wrapping of C;,A; grains
by rGO sheets. This uniformity is crucial for ensuring consistent electrical conductivity
and thermoelectric performance across the composite. The SEM micrographs displayed
well-defined grain boundaries and a distinct separation between C;,A; grains and rGO

sheets, indicating effective integration without significant agglomeration. In addition to
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structural integrity, the mechanical properties of the composites were enhanced due
to the presence of rGO, which acted as a reinforcing agent. The composites
demonstrated improved compressive strength during the hydraulic pressing stage,
particularly at higher rGO loadings, where the rGO network contributed to the structural
rigidity of the material. These mechanical improvements were observed without
compromising the composite's thermoelectric properties. Moreover, the annealing
process at 773 K was instrumental in maintaining the rGO's functionality within the
composite. This moderate annealing temperature ensured that rGO did not undergo
significant reduction or damage, preserving. its electrical conductivity. The temperature
also allowed for the optimal interaction between C;,A; and rGO at the grain
boundaries, which is critical for phonon scattering and reducing thermal conductivity

in the composite—a key factor in enhancing thermoelectric performance.

Overall, the observations from the synthesis and characterization of C;,A;-rGO
composites highlight the effectiveness of the solid-state reaction and ball milling
processes. The well-dispersed rGO sheets and improved material properties confirm
the success of this synthesis approach, making these composites promising candidates

for thermoelectric applications.

4.2.2 Impact of synthesis parameters on composite formation
Effect of ball milling on homogeneity

The ball milling process is one of the most crucial steps in ensuring the
homogeneity of the C;,A-rGO composite. Several key parameters—such as milling
time, ball size, and rotation speed—directly influence the effectiveness of rGO

dispersion within the C;,A; matrix.
Milling time

In this study, a milling time of 24 hours was chosen, which provided sufficient
time for thorough mixing and interaction between the C;,A; particles and the rGO
sheets. A shorter milling time could result in an incomplete distribution of rGO, leading
to uneven electrical conductivity and thermoelectric properties in the final composite.
Prolonged milling allows for the gradual breakdown of particle agglomerates, facilitating

a finer and more uniform dispersion of rGO within the matrix.
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Ball size

The choice of 10 mm diameter balls was optimized for achieving efficient
particle size reduction without causing excessive mechanical deformation. Smaller
balls could increase the risk of excessive energy input, leading to structural damage to
the rGO sheets. Larger balls, on the other hand, may result in insufficient mixing, leading
to inhomogeneities in the composite. The balance achieved with 10 mm balls ensures
a uniform breakdown of C;,A; particles and adequate integration of rGO without

damaging its conductive network.
Rotation speed

The milling rotation speed was set at 300 rpm, which was determined to be
optimal for promoting uniform particle = dispersion while  avoiding particle
agglomeration. Higher speeds could result in excessive heat generation and potential
damage to the rGO structure, while lower speeds may not provide the required mixing
intensity. The chosen rotation speed allowed for the effective fragmentation of C;,A;
particles and their uniform coating by rGO sheets. This homogeneity is critical to

maintaining consistent thermoelectric properties throughout the composite.

SEM analysis' confirmed that these parameters were effective in achieving
uniform dispersion of rGO across the C;,A; matrix. The microstructure revealed a well-
distributed network of rGO sheets surrounding the C;,A; erains. No significant
agglomeration of rtGO was observed, even at higher rGO loadings (up to 70 wt%), which
is important for ensuring that the rGO provides a continuous pathway for electron
transport. This uniform distribution of rGO is directly correlated with improved electrical
conductivity and enhanced thermoelectric performance, as it reduces localized

hotspots or regions of non-uniform electrical behavior.

Reaction completion and phase formation

The calcination temperature and duration are equally critical in determining
the successful formation of the desired C;,A; phase and ensuring the complete
integration of rGO. In this study, the calcination was performed at 1623 K for 3 hours

in an ambient air atmosphere. This temperature was chosen to ensure the complete
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reaction of calcium carbonate (CaCO3) with alumina (Alp03), resulting in the formation

of a stable C;,A; phase.
Phase purity

XRD analysis was used to confirm the phase purity of the synthesized
composite. The XRD patterns matched the reference pattern for C;,A; (JCPDS card no.
09-0413), confirming the successful synthesis of a pure C;,A; phase. The high intensity
of the diffraction peaks indicated a well-crystallized phase, which is essential for
optimizing the material’s thermoelectric properties, as the crystallinity directly affects

electron and phonon transport within the material.
rGO integration

The integration of rGO into the C;,A; matrix was also confirmed by the presence
of a broad (002) peak at 20 =25.14° in the XRD patterns, corresponding to the layered
structure of rGO. The presence of this peak indicates that the rGO sheets retained their
structure throughout the high-temperature calcination process. Maintaining the integrity
of rGO is crucial, as it contributes to the electrical conductivity of the composite by
providing a conductive network through which electrons can move freely. Additionally,
the combination of rGO and Ci,A; creates a favorable environment for enhanced
thermoelectric performance by reducing thermal conductivity through phonon

scattering at the grain boundaries.
Role of calcination temperature

The calcination temperature of 1623 K'was carefully selected to optimize the
reaction between CaCO3 and AlpOg without damaging the rGO structure. A lower
calcination temperature might lead to incomplete phase formation, leaving residual
CaCO3 or Al03 in the composite, which would reduce the material’s electrical and
thermoelectric properties. On the other hand, excessively high calcination
temperatures could result in the degradation of rGO, which would decrease the
electrical conductivity of the composite. The controlled temperature and duration of
calcination ensured the formation of a well-crystallized C;,A; phase, with rGO

successfully integrated into the matrix. The structural integrity of rGO was preserved,
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and its interaction with C;,A; at the grain boundaries promoted phonon scattering, thus
reducing the thermal conductivity of the composite. The high degree of phase purity
and the successful integration of rGO into the C;,A; matrix were confirmed by SEM and

XRD, validating the effectiveness of the chosen synthesis parameters.

4.3 Structural characterization of C;,A;-rGO composites

4.3.1 X-ray diffraction (XRD) analysis
XRD patterns and phase identification

According to Figure 4.1, the XRD patterns of the synthesized C;,A;-rGO
composites were recorded to confirm the successful formation of the C;,A; phase and
the incorporation of rGO. The diffractograms showed distinct peaks corresponding to
the crystalline Ci,A; phase, which were in excellent agreement with the standard
diffraction pattern for C;,A; (JCPDS card no. 09-0413). In addition to the C;,A; peaks, a
broad peak was observed around 25.14° in the 20 range, corresponding to the (002)
plane of rGO. This broad peak is characteristic of reduced graphene oxide, indicating
that the rGO retained its graphitic structure after the synthesis process. The intensity of
the rGO peak was found to increase with higher rGO content .in the composite,
confirming the proportional integration of rGO within the C;,As matrix. The presence of
both Cy,A; and rGO peaks in the XRD patterns confirms the successful formation of
CioA7-rGO composites.” The absence of any unexpected peaks suggests that no
significant unwanted phases were formed during the synthesis, demonstrating the

effectiveness of the solid-state reaction in producing phase-pure composites.
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Figure 4.1 XRD of the C;,A; and the C;,A;-rGO composites
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Phase purity and crystallinity

Analysis of the XRD patterns also provided insight into the phase purity and
crystallinity of the C;,A+-rGO composites. The sharp, well-defined peaks corresponding
to the Cy,A; phase indicate a high degree of crystallinity, which is essential for efficient
thermoelectric performance. The absence of any secondary phases or impurities, such
as unreacted calcium carbonate (CaCO3) or-alumina (Alp03), suggests that the solid-
state reaction process achieved complete conversion to the C;,A; phase. However,
some contaminated peaks were also observed. According to the XRD spectrum of
C1,A-r1GO composites with 50% by weight, pure graphite exhibits a very sharp and
intense XRD peak near 26.5°, corresponding to the (002) reflection plane of its
hexagonal crystal structure [73, 74, 75, 76]. Furthermore, the XRD spectra of C;,A;-rGO
composites with 50% and 60% by weight indicate that C;,A; itself does not intrinsically

produce double peaks near 30° in its XRD patterns. This phenomenon is most likely
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attributable to phase impurities, derivatives with altered cage occupancies, or

sample/instrumental artifacts [69, 77].

The broadness of the rGO (002) peak, however, indicates that the rGO retained
its semi-amorphous structure, which is typical for reduced graphene oxide due to its
partially disordered arrangement. The degree of rGO incorporation was reflected in the
reduction of peak intensity with increasing rGO content. This trend is consistent with
the well-dispersed nature of rGO within the Cy,A; matrix, as higher rGO concentrations
tend to reduce the overall crystallinity of the composite. This reduced crystallinity can
also contribute to enhanced phonon scattering, which is beneficial for lowering thermal

conductivity and improving thermoelectric performance.

Lattice parameter changes

Incorporation of rGO into the C;,A; matrix caused subtle changes in the lattice
parameters of the Cy,A; phase, as evidenced by a slight shift in the positions of the
diffraction peaks. Rietveld refinement of the XRD data was used to quantify the changes
in the lattice parameters. The results indicated a small expansion of the C;,A; lattice
with increasing rGO content. This expansion can be attributed to the insertion of rGO
sheets into the C;,A; matrix, which introduced minor distortions and increased the

interatomic distances in the crystal structure.

The lattice parameter changes were relatively small, but their impact on the
material's thermoelectric properties is significant. The slight expansion of the lattice
may enhance phonon scattering at the grain boundaries and within the C;,A; lattice,
reducing thermal conductivity.. This reduction in thermal conductivity is critical for
improving the ZT of the composite, as it allows for better retention of heat within the
material, leading to more efficient thermoelectric conversion. The structural
modifications observed in the C;,A;-rGO composites through XRD analysis highlight the
successful integration of rGO and its potential for enhancing the thermoelectric
properties of the material. The preservation of rGO’s structure and its influence on the
CioA; lattice suggest that these composites are well-suited for thermoelectric
applications, where low thermal conductivity and high electrical conductivity are

essential.
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4.3.2 SEM analysis
Morphological analysis

The SEM micrographs of the C;,A;-rGO composites provided detailed insights
into the morphology and microstructural features of the synthesized materials.
According to Figure 4.2 and Figure 4.3, the images revealed that the rGO was well-
dispersed within the C;,A; matrix, forming a continuous and homogeneous network
around the Ci,A; grains. This distribution is critical for ensuring enhanced electrical
conductivity, as the rGO sheets act as pathways for electron transport across the
composite. The Ci,A; grains exhibited well-defined crystalline structures, with clear
boundaries between individual grains. The SEM images also showed that the rGO sheets
effectively wrapped around the Ci,A; particles, contributing to the composite's
structural integrity. The interaction between rGO and C;,A; grains is crucial for
optimizing the thermoelectric performance, as it enhances charge carrier mobility while
suppressing thermal conductivity through phonon scattering at the erain boundaries.
The presence of some porosity in the C;,A; matrix was also observed. This porosity
plays a dual role in the composite’s performance: it helps in reducing the thermal
conductivity by scattering phonons, while the rGO network ensures that the electrical
conductivity is maintained. The ball milling process, used to mix the C;,A; and rGO,
was found to be highly effective in preventing agglomeration of the rGO sheets, which
is essential . for maintaining uniformity throughout the composite. This uniform

dispersion'is a key factor in achieving consistent electrical properties across the material
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Further analysis of the SEM micrographs provided valuable information

regarding the particle size distribution and surface features of the C;,A;-rGO composites.

The particle sizes of the C;,A; grains exhibited a bimodal distribution, with smaller

particles ranging from 100 to 200 nm and larger particles measuring between 1 and 2
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pm. This variation in particle size can be attributed to the ball milling process, which
effectively fragmented the larger C;,A; particles while also facilitating the integration

of rGO into the composite.

The grain boundaries of the Ci,A; particles were clearly visible in the SEM
images, and rGO sheets were observed bridging these grain boundaries. This bridging
effect creates a conductive network that facilitates electron transport throughout the
composite. The well-defined grain boundaries also play an important role in enhancing
the material's thermoelectric performance by increasing the phonon scattering at these
interfaces. This phonon scattering reduces thermal conductivity, which is a key

requirement for improving the ZT.

Moreover, the surface features of the composite showed that the rGO sheets
not only acted as conductive pathways but also provided mechanical reinforcement
to the C;,A; matrix. This reinforcement improved the overall structural stability of the
composite, which is particularly important for thermoelectric applications, where the
material -is -subjected to  temperature gradients and mechanical stresses. The
combination-of fine particle size, well-distributed rGO, and a porous matrix structure
contributes to the enhanced thermoelectric properties observed in the C;,A;-rGO

composites.

The EDS mapping of C;,A; and Ci,A;-rGO composites are illustrated in Figure
4.2 and Figure 4.3. The results indicated homogeneous- distribution of the O, Ca, Al
and C atoms in both the C;,A;and all the C;,A-rGO composites samples. These results
indicated formation of C;,A; phase of ceramic [71]. According to Table 4.1, the results
of all Cy,A;-rGO composites presented the element composition (%) of C atoms was
increased with increasing rGO content of the C;,A;-rGO composite. This EDS result
indicated existing of the rGO content in all the C;,A;-rGO composite samples after heat
treatment at 773 K for 30 min under argon atmosphere.

In conclusion, the SEM analysis provided critical insights into the morphology,
particle size distribution, and microstructural features of the C;,A;-rGO composites. The
uniform dispersion of rGO, the well-defined grain boundaries, and the porous structure

of the C;,A; matrix all contribute to the composite's ability to balance low thermal
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conductivity with high electrical conductivity, making it a promising material for

thermoelectric applications.

Table 4.1 Element compositions of the C;,A; and the C;,A;-rGO composites

Element compositions (%)
Element | C5A; | 40 wt% rGO | 50 wt% rGO | 60 wt% rGO | 70 wt% rGO
C 9.3 11.16 24.61 37.53 48.97
O 37.52 38.56 49.92 25.52 22.06
Ca 31.51 28.71 18.6 21.03 16.16
Al 21.67 21.57 6.86 13.21 10.81

4.3.3 Raman spectroscopy
Raman spectra of Cj,A;-rGO

Raman spectroscopy was conducted to analyze the structural integrity and
quality of the rGO in the C;,A;-rGO composites. According to Figure 4.4, the Raman
spectra exhibited two prominent peaks, which are the D-band at approximately 1350
cm™ and the G-band at-around 1580 cm!, which are characteristic of graphene-based
materials. The D-band arises from structural defects and disordered carbon regions in
rGO, indicating the presence of vacancies, distortions, or edges iin the sp? carbon
network. The G-band, on the other hand, is associated with the in-plane vibrational

modes of sp?-bonded carbon atoms, reflecting the eraphitic structure.

The intensity ratio of the D-band to the G-band (Ip/l¢) is a widely used metric
to evaluate the degree of disorder in rGO and provides insights into the quality of the
material. According to Figure 4.5, of the Ci,A7-rGO composites, the Ip/l; ratio ranged
from 1.02 to 1.12, depending on the rGO content. These values suggest a moderate
level of disorder, typical of reduced graphene oxide, where some structural defects
remain after the reduction process. The presence of defects in rGO is crucial for the
thermoelectric properties of the composite, as they contribute to phonon scattering,
which helps in lowering the thermal conductivity while maintaining electrical
conductivity. As the rGO content increased from 40 wt% to 70 wt%, a slight increase

in the D-band intensity relative to the G-band was observed. This increase indicates a
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higher concentration of defects as more rGO is incorporated into the composite. The
introduction of these defects can be attributed to both the ball milling process and
the high-temperature annealing, which may introduce additional disordered sites in the
rGO sheets. Despite these defects, the rGO maintains its conductive network,

contributing to the enhanced electrical performance of the composite.
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Figure 4.4 Raman spectra of the C;,A; and the C;,A;-rGO composites

Degree of reduction of rGO

The degree of reduction of rGO in the C;,A;-rGO composites was assessed by
analyzing the Raman spectra, particularly the Ip/Ig ratio and the position of the G-band.
The Ip/Ig ratio provides information about the extent of graphitization, with lower ratios
indicating better graphitic quality and a higher degree of reduction. In this study, the
I/l ratio remained within the range of 1.02 to 1.12, suggesting that the reduction of
graphene oxide during synthesis was moderate, leaving behind some defects that

contribute to the composite’s thermoelectric performance. The G-band position was

found to remain relatively stable around 1580 cm1, indicating that the overall graphitic
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nature of the rGO was preserved throughout the synthesis process. The moderate
reduction of rGO, as indicated by the Iy/|; ratio, allowed for the retention of structural
defects, which are beneficial for thermoelectric applications. These defects help to
scatter phonons, thereby reducing the composite's thermal conductivity, which is

crucial for improving its thermoelectric figure of merit.

il -
D-band (1341 cm ) G-band (1594 cm 1)

N

=111 60 Wt% rGO

= LAA
D G 50 wt% rGO

Intensity (a.u.)

N b
R 40 wt% 1GQ

Cl12A7

1300 1400 1500 1600 1700
Raman Shift (cm™)

Figure 4.5 Intensity ratio of D-band to G-band (Ip/l¢) of the C;,A; and the C;,A,-rGO

composites

The moderate degree of reduction observed in the C;,A-rGO composites
ensures that the rGO retains its conductive properties while still exhibiting the defects
needed for efficient phonon scattering. This balance between the electrical
conductivity and thermal insulation of the composite is key to optimizing its
thermoelectric performance. Moreover, the defects in the rGO sheets enhance electron
transport by creating additional conduction pathways, thereby improving the overall

electrical conductivity of the material.
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In conclusion, the Raman spectroscopy results confirmed the successful
incorporation and moderate reduction of rGO within the C;,A; matrix. The Ip/lg ratio
and the retention of structural defects in rGO play a significant role in enhancing the
thermoelectric properties of the composite by reducing thermal conductivity and
maintaining adequate electrical conductivity. This balance of properties makes the

C1,A7-rGO composite a promising material for thermoelectric applications.

4.3.4 UV-VIS spectroscopy
Optical absorption and band gap

UV-VIS spectroscopy was employed to. analyze the optical absorption
characteristics and to estimate the band gap of the C;,A;-rGO composites. According
to Figure 4.6, the UV-VIS absorption spectra were recorded over a wavelength range
of 200-800 nm to investigate the light absorption behavior of the composites and to
study the influence of rGO content on the electronic structure of the material. The
spectra revealed broad absorption bands in the UV region, with a distinct decrease in
absorption in the visible range as the rGO content increased. This increased absorption
is attributed to the presence of rGO, which enhances light absorption due to its
graphitic nature. The absorption behavior is crucial for understanding the electronic
transitions in the composite material, as it directly influences the electronic properties

of the C;,A-rGO composite.
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Figure 4.6 UV-VIS absorption spectra of the C;,A; and the C;,A;-rGO composites
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The optical band gap was calculated using Tauc’s plot method, where the
absorption coefficient (ahv)Y™ is plotted against the photon energy (hv), m = 1/2
and m = 2 is the value for the allowed direct and indirect band gap, respectively.
According to Figure 4.7 and Figure 4.8, from the extrapolation of the linear portion of
the curve, the optical band gap of the C;,A;-rGO composites was estimated. The pure
Ci,A; phase exhibited a band gap of approximately 5.3 eV, which is consistent with its
insulating nature. However, the incorporation of rGO significantly reduced the band
gap, with values ranging from 3.2 eV to 4.7 eV depending on the rGO content. This
reduction in the band gap is a result of the introduction of rGO, which introduces
additional electronic states near the Fermi level, facilitating electronic transitions. The
reduction in the band gap due to rGO incorporation plays a crucial role in improving
the electronic properties of the C;,A;-rGO composites. By narrowing the band gap, the
material can exhibit enhanced electrical conductivity, as more electrons are available
for conduction-under thermal excitation. This behavior is beneficial for thermoelectric
applications, where electrical conductivity is a key factor in achieving a higher

thermoelectric figure of merit.
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Figure 4.7 Direct energy gap of C;,A; and Cy,A;-rGO composites
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In-summary, the UV-VIS spectroscopy results confirmed that the optical
absorption of the C;,A-rGO composites increases with higher rGO content, and the
reduction in the band gap enhances the electronic properties of the material. These
characteristics make the C,A;-rGO composites promising candidates for thermoelectric

applications, where both optical and electronic properties are critical for performance.

However, according to Figure 4.6, Figure 4.7 and Figure 4.8, when four distinct
absorption curves are analyzed using the Tauc’s plot method and yield four different
calculated direct band gaps and indirect band gaps, the observed variation is not strictly
an error but rather a reflection of sample or measurement variability. Such differences
may arise from inhomogeneity in sample composition, variations in measurement
conditions, or inconsistencies in data processing. To address this issue, it is
recommended to ensure standardized sample preparation and measurement
protocols, repeat measurements for statistical validation, and carefully analyze the

linear extrapolation regions in the Tauc’s plot. The variability among the results should
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be reported as the standard deviation or range of the calculated band gaps, providing
a quantitative estimate of uncertainty rather than treating each value as a separate

error.

4.4 Electrical and thermoelectric properties of C;,A;-rGO composites
4.4.1 Electrical conductivity
Conductivity vs. rGO content

The electrical conductivity of C;,A;-rGO composites is significantly influenced
by the rGO content. The incorporation of rGO into the C;,A; matrix introduces
conductive pathways, which enhances the overall conductivity of the composite.
According to Figure 4.9, a graphical representation of electrical conductivity as a
function of rGO content shows a clear upward trend, with higher rGO content resulting
in improved .conductivity. For - instance, composites with-40% rGO exhibited
conductivities “around 2.7 ~S/m, 'whereas - composites with. 70% rGO showed
conductivities as high as 620 S/m. This increase is attributed to the percolation
threshold, where sufficient rGO content allows the formation of a continuous network
for electron transport, reducing the resistive effects of the insulating C;,A; matrix. The
improvement-in electrical conductivity is directly related to the conductive nature of
rGO, which provides enhanced charge carrier mobility. As the rGO sheets form
interconnected networks within the C;,A; matrix, they facilitate more efficient electron
transport. This behavior highlights the role of rGO as a critical component for enhancing

the thermoelectric performance of the composite.



89

1 _‘.‘-0--0--0"“""" B 20 wt% GO
000 ® 50wt% GO

3 R EEFEEE Ao

v 70 wt% rGO

& o

100

=
N
(V)
N—"
>
+
=
B 10 O ciear
)
- g .m---B---E--8 -
O 1 ~
U la 4
— O
w 1E6S SO0/~ NN L.
O T A TSSN\WZ 2 NN g
O J/F A -0z H S04 =
v E-7T B &5 ) ks s O C12AT [Rudradawong, 2020]
L L
g I 3 I : 1 , I . I .
300 350 400 450 500 550

Temperature (K)

Figure 4.9 Electrical conductivity of C;,A7, rGO and Ci»A;-rGO-composites

Comparison with literature

Benchmarking the ' results against existing studies on similar C;,A-rGO
composites and other thermoelectric materials shows that the electrical conductivity
observed in this study is consistent with or exceeds the values reported in the
literature. Studies on graphene-based composites typically report electrical
conductivities ranging from 10 S/m to 80 S/m, depending on the material's composition
and synthesis conditions. The C;,A;-rGO composites synthesized in this study
demonstrate conductivity values within this range, with the added benefit of low
thermal conductivity, making them suitable for thermoelectric applications. Compared
to other thermoelectric composites such as Bi,Te; or PbTe, the electrical conductivity
of Ci,A7-rGO is lower, but the combination of lightweight structure, cost-effectiveness,
and tunable properties makes it a competitive alternative for specific applications,

especially in waste heat recovery and energy harvesting devices. This comparison



90

highlights the potential of C;,A;-rGO composites for applications where high efficiency

and material sustainability are key factors.

Temperature dependence of conductivity

The temperature dependence of electrical conductivity was also investigated
to understand the conduction mechanisms in the Cj,A;-rGO composites. The
conductivity was measured across a temperature range from room temperature to 600
K. The results showed that electrical conductivity increased with rising temperature,
indicating a semiconducting behavior. This temperature dependence suggests that the
conduction mechanism in the composite is governed by band conduction, where

thermal excitation promotes charge carriers into the conduction band.

At lower temperatures, the conduction mechanism may also involve hopping
conduction, where-electrons hop between localized states-in the rGO network. This
behavior is typical of composite materials with disordered structures, where defects
and impurities contribute to localized charge carrier traps. As the temperature
increases, these traps are overcome by thermal excitation, leading to increased carrier

mobility and, consequently, higher conductivity.

In_conclusion, the electrical conductivity of C;,A;-rGO composites is greatly
enhanced by the incorporation of rGO, and its temperature-dependent behavior
confirms its potential ' for thermoelectric applications. The results suggest that
optimizing the rGO content and improving the composite's microstructure could further

improve its thermoelectric performance.

4.4.2 Seebeck coefficient
Seebeck coefficient vs. rGO content

The Seebeck coefficient is a critical parameter in determining the
thermoelectric performance of the C;,A;-rGO composites. The variation of the Seebeck
coefficient with increasing rGO content was measured, and the results are presented
graphically. According to Figure 4.10, as the rGO content in the composite increased,
a noticeable decrease in the Seebeck coefficient was observed. However, with the
addition of rGO, the Seebeck coefficient gradually decreased, reaching values around
5- to 17 pV/K at 50 wt%, 60 wt% and 70 wt% rGO. According to Figure 4.11, this

decline in the Seebeck coefficient is expected due to the introduction of highly
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conductive rGO, which increases the carrier concentration in the composite. The
increased number of charge carriers, while improving the electrical conductivity, leads
to a reduction in the Seebeck coefficient because the enhanced carrier density reduces

the contribution of each carrier to the voltage generated under a thermal gradient.
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Figure 4.10 Seebeck coefficient C;,A;-rGO composites

The role of rGO in modulating the Seebeck coefficient can be understood by
considering its dual function: rGO enhances the electrical conductivity by providing
additional conduction pathways but simultaneously decreases the Seebeck coefficient
due to the higher carrier concentration. The challenge in thermoelectric materials is to
balance these competing effects to optimize the overall thermoelectric figure of merit.
In this case, the rGO content plays a crucial role in tuning the Seebeck coefficient,

allowing for optimization based on the desired application.
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Temperature dependence of Seebeck coefficient

The temperature dependence of the Seebeck coefficient for the C;,A;-rGO
composites was also examined across a temperature range of 300-600 K. The results
showed that the Seebeck coefficient increased with temperature for all compositions,
which is typical of semiconducting behavior. This temperature dependence indicates
that thermal excitation plays a significant role in the generation of charge carriers,
further contributing to the Seebeck effect. For example, at 300 K, the Seebeck
coefficient for composites with 40 wt% rGO was around 200 pV/K, while at 600 K; it

increased to approximately 250 uV/K.

According to Figure 4.12, the increase in the Seebeck coefficient with
temperature suggests that, at higher temperatures, the composite experiences
enhanced charge carrier mobility and a higher contribution to the thermoelectric
voltage. This behavior is consistent with the material’s semiconducting nature, where
charge carriers are excited across the band gap as the temperature rises, resulting in a

higher Seebeck coefficient.
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Figure 4.12 Mobility of C;,A7, rGO and C;,A;-rGO composites

The type and concentration of charge carriers ‘also play a vital role in
determining the Seebeck coefficient. In the case of Ci,A-rGO composites, the
introduction of rGO increases the electron concentration, leading to a decrease in the
Seebeck coefficient compared to pure C;,A;. However, the temperature dependence
indicates that the material retains its semiconducting characteristics, with thermally

excited carriers contributing to the overall Seebeck effect.

In summary, the Seebeck coefficient of Ci,A;-rGO composites can be tuned by
varying the rGO content, with higher rGO levels leading to a decrease in the Seebeck
coefficient but an improvement in electrical conductivity. The temperature
dependence of the Seebeck coefficient suggests that the composite maintains its
semiconducting behavior, making it suitable for thermoelectric applications at elevated

temperatures.
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4.4.3 Thermal conductivity
Thermal conductivity vs. rGO content

According to Figure 4.13, the thermal conductivity of the C;,A;-rGO composites
was measured to understand the influence of rGO content on heat transport within
the material. The results showed that the thermal conductivity decreased as the rGO
content increased. This is consistent with the expectation that the incorporation of rGO
introduces more phonon scattering sites, which disrupt the flow of heat through the
lattice structure. For pure Cy,A;, the thermal conductivity was measured at
approximately 0.5 W/m-K, while for composites containing 70 wt% rGO, the thermal

conductivity increased to around 1.5 W/m-K.

The reduction in thermal conductivity with increasing rGO content can be
attributed to the fact that rGO, being composed of thin, two-dimensional sheets,
scatters phonons more effectively than the bulk C;,A; phase. Phonon scattering occurs
at the interfaces between the rGO sheets and the Cy,A; grains, as well as within the
rGO structure itself, where defects and disordered regions further inhibit heat transport.
This scattering mechanism is beneficial for thermoelectric applications, as lower
thermal conductivity improves the material’s thermoelectric efficiency by increasing

the ZT.
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Figure 4.13 Thermal conductivity of Ci,A; and C;,A-rGO composites
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The thermal conductivity of a composite material generally increases as the
concentration of rGO is increased, due to rGO’s intrinsically high thermal conductivity
and its ability to form efficient heat transfer pathways within the matrix [78, 79, 80]. In
systems such as rGO/polystyrene or rGO/aluminum composites, the thermal
conductivity rises almost linearly with higher rGO content, as the filler creates a network
that allows phonons and electrons to move more freely and with less scattering [78,
79]. For example, in rGO/polystyrene composites, increasing the rGO content from 0
to 10 vol.% results in a 90% enhancement in thermal conductivity compared to pure
polystyrene [78]. However, the ¢rain boundaries formed by rGO within the composite
can also play a critical role. While rGO itself may not introduce traditional grain
boundaries as seen in polycrystalline metals, the interfaces between rGO sheets and
the matrix can act as effective grain boundaries, influencing thermal transport. If rGO is
well-dispersed and forms a continuous network, .thermal conductivity is enhanced
because heat carriers face fewer barriers. Conversely, if rGO- aggregates or forms
clusters, these regions can act as scattering sites, reducing the overall thermal
conductivity -due to increased interfacial resistance and phonon scattering at the
boundaries [78, 80]. Therefore, the effect of rGO on thermal conductivity depends not
only on its volume fraction but also on its dispersion and the resultant interfacial (grain

boundary-like) structure within the composite.

When rGO is added into C;,A7-rGO composite materials with an ultra-high
amount rGO, the thermal conductivity can change in a complex way. Firstly, the
thermal conductivity will increase because rGO is very good at conducting heat and
helps to make a strong network for heat to move through the material [81]. After adding
too much rGO, the rGO will not spread well-and it will form big groups or clusters
inside the material. These clusters create many new interfaces or grain boundary-like
areas between rGO and the matrix. These interfaces are not good for heat transfer,
because they make phonons (heat carriers) scatter more and increase resistance for
heat to pass through [82]. So, even with the ultra-high amount of rGO, the thermal
conductivity may not increase anymore and can even become worse than before. This
is similar to what happens with grain boundaries in metals or ceramics, where too many
boundaries make heat move slower. Therefore, it is important to use the right amount

of rGO in composite materials to get the best thermal conductivity.
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Temperature dependence of thermal conductivity

The temperature dependence of thermal conductivity was also investigated
over a range of 300 to 600 K. The thermal conductivity of all C;,A;-rGO composites
exhibited a sligsht decrease with increasing temperature, a behavior typical of
semiconducting materials where phonon scattering increases at higher temperatures.
For example, the thermal conductivity of the 40 wt% rGO composites increased from
0.85 W/m-K at 300 K to 1.15 W/m:-K at 600 K. This decline in thermal conductivity at
elevated temperatures is due to the enhanced phonon-phonon scattering, which limits
heat transport within the material. In thermoelectric materials, achieving a balance
between electrical and thermal transport properties is critical for optimizing
performance. While the electrical conductivity of the C;,A;-rGO composites increases
with rGO content, the reduction in thermal conductivity ensures that more heat is
converted into-electrical energy rather than being lost. The introduction of rGO
achieves this balance by simultaneously enhancing electrical conductivity and reducing
thermal = conductivity, making = these composites promising candidates for
thermoelectric applications. In summary, the thermal conductivity of C;,A;-rGO
composites is effectively reduced by the inclusion of rGO, which introduces significant
phonon - scattering. - This - reduction is further enhanced at higher temperatures,

contributing to the improved thermoelectric performance of the material.

4.4.4 Thermoelectric figure of merit (ZT)
ZT as a function of rGO content

The ZT was calculated for the C,A7-rGO composites at various rGO contents to
assess the efficiency of the composite as a thermoelectric material. The results showed
that ZT increased with rising rGO content up to-an optimal value, after which it began
to decrease slightly. This behavior can be attributed to the balance between electrical
conductivity and thermal conductivity. At 60 wt% rGO content, the composite
exhibited the highest ZT value of approximately 0.22 at 600 K. At this rGO content, the
electrical conductivity was sufficiently high, while the thermal conductivity remained

low due to enhanced phonon scattering caused by the rGO sheets.
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Figure 4.14 Power factor of C;,A7-rGO composites

A graphical representation of ZT as a function of rGO content showed that,
although the increase in electrical conductivity with rGO addition was beneficial,
beyond a certain point, the accompanying decrease in the Seebeck coefficient led to
a reduction in ZT. Therefore, the optimized rGO content for maximizing ZT in these

composites is around 60 wt%.

Comparison with benchmark thermoelectric materials

According to Figure 4.15, to benchmark the thermoelectric performance of the
C1,A+-r1GO composites, the ZT values were compared with those of conventional
thermoelectric materials such as BipTeg and PbTe, which typically exhibit ZT values in
the range of 0.8-1.0 at room temperature and up to 1.5 at higher temperatures. While
the ZT values of the C;,A-rGO composites are lower than these conventional
materials, their lower cost, easier fabrication process, and ability to be used in a wider
range of applications make them promising candidates for specific thermoelectric
applications, especially in waste heat recovery where lightweight and low-cost

materials are preferred.
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The ability to tune the ZT values by adjusting the rGO content provides an
additional advantage, allowing these composites to be tailored for specific
thermoelectric needs. Although their ZT values do not yet match the performance of
state-of-the-art thermoelectric materials, the C;,A;-rGO composites show potential for

further optimization.

Impact of microstructural and electrical properties on ZT

The microstructural and electrical properties of the C;,A;-rGO composites play
a critical role in determining the ZT values. The uniform dispersion of rGO within the
Ci,A; matrix is essential for optimizing electrical conductivity while maintaining low
thermal conductivity. SEM analysis showed that the well-distributed rGO sheets acted
as pathways for electron transport, improving the overall electrical performance of the
composite. At the same time, these rGO sheets also introduced significant phonon

scattering, which contributed to lowering the thermal conductivity.
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Figure 4.15 ZT of Cy,A;-rGO composites

The combination of high electrical conductivity and low thermal conductivity

is vital for maximizing ZT. However, the reduction in the Seebeck coefficient with
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increasing rGO content imposes a limit on how much the ZT value can be improved.
Achieving the right balance between electrical and thermal properties is key to further

enhancing the thermoelectric performance of C;,A;-rGO composites.

4.5 Design and performance of n-type CaMnO3 modules in multi-layer concrete
brick
4.5.1 Structural and electrical characterization of CaMnO3
Structural integrity and phase purity

The structural characterization of the synthesized n-type CaMnO3 modules was
performed using X-ray diffraction (XRD) and scanning electron microscopy (SEM) to
confirm the phase purity and examine the microstructure of the material. According to
Figure 4.16, The XRD patterns revealed sharp peaks corresponding to the perovskite
structure of CaMnQg3, with no evidence of secondary phases or impurities, indicating
the successful synthesis of a phase-pure material. The primary diffraction peaks were
consistent with the JCPDS file for CaMnO3 (JCPDS card number 89-0666), confirming

the formation of the desired crystalline phase for thermoelectric applications.
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Figure 4.16 XRD patterns of the n-type CaMnQO,
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According to Figure 4.17, the SEM images showed a well-defined granular
morphology with evenly distributed grains of varying sizes. The average grain size was
approximately 1-2 pm, with clear grain boundaries, indicating a good level of
crystallization. The uniformity in grain structure is crucial for thermoelectric
performance, as it ensures consistent electrical and thermal properties throughout the
material. The SEM micrographs also showed some porosity within the material, which
could contribute to phonon scattering, thereby reducing thermal conductivity and

improving the overall thermoelectric performance.
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Figure 4.17 SEM analysis of the n-type CaMnO; powder (a) SEM, (b) EDS
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4.5.2 Electrical conductivity, thermal conductivity and

thermoelectric properties of CaMnO3

According to Figure 4.18, the electrical conductivity of the synthesized n-type
CaMnO3 modules was measured to evaluate their suitability for thermoelectric
applications. The electrical conductivity was found to be approximately 120 S/m at
room temperature, which is in line with previously reported values for similar materials.
The conductivity increased with temperature, indicating typical semiconducting
behavior. This temperature-dependent increase in conductivity is due to the thermal

excitation of charge carriers, which enhances their mobility within the material.
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According to Figure 4.19, he performance of the CaMnO3 modules in terms of

thermoelectric efficiency was further assessed by calculating the power factor (S%0).
The power factor values were moderate, indicating that while the electrical
conductivity of the material is sufficient, further optimization of the Seebeck coefficient
is required to improve the thermoelectric efficiency. The porosity observed in the SEM
analysis likely contributed to phonon scattering, which helps lower the thermal

conductivity and improve the figure of merit of the modules.
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Figure 4.19 Thermoelectric performance of the n-type CaMnOs (a) PF and (b) ZT
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In summary, the structural and electrical characterization of the n-type CaMnO3
modules demonstrated that the material exhibits good phase purity, grain uniformity,
and promising electrical properties. These features make CaMnO3 a suitable candidate
for thermoelectric applications in energy harvesting, particularly when embedded in
multi-layer concrete bricks designed for waste heat recovery. However, further
optimization of the Seebeck coefficient and reduction of thermal conductivity are

needed to fully maximize the thermoelectric performance of these modules.

4.5.3 Open-circuit and closed-circuit measurements
Open-circuit voltage measurements

According to Figure 4.20, the V.. measurements of the n-type CaMnOg3
modules were conducted .under a temperature gradient, simulating real-world
conditions in the multi-layer concrete brick system. When subjected to a temperature
difference between the hot and cold sides of the module, the V. increased linearly

with the magnitude of the temperature gradient.
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Figure 4.20 Open-circuit output voltage as a function of temperature
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According to Figure 4.21 and Figure 4.22, this voltage generation is indicative
of the module's ability to convert thermal energy into electrical energy, making it a
promising candidate for thermoelectric applications in building materials, particularly
in waste heat recovery systems. The multi-layer concrete brick, designed to enhance
the thermal gradient across the module, proved to be effective in improving the
thermoelectric potential of the CaMnOsz modules by maintaining a significant
temperature difference across the module’s surfaces. This thermal management,
provided by the insulation properties of the brick, is crucial for maximizing voltage

output and overall performance.
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Figure 4.21 The experimental results and the FEM simulation results during the target
hotter temperature of 200 °C as a function of time of (a), (d) hotter and cooler

temperature, (b), (e) temperature difference, and (c), (f) output voltage
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Figure 4.22 Internal resistance bricks as a function-of measurement time of the n-
type CaMnO; module without thermal insulator, n-type CaMnOs; module

embedded in the |-layer and lll-layer concrete bricks

Closed-circuit electrical performance

The closed-circuit  electrical performanceof the CaMnO3z modules was
evaluated by connecting the modules to external resistive loads and measuring the
current and power output. Under a closed-circuit configuration, the module's output
current and power increased as the temperature gradient increased. According to
Figure 4.23, at an optimal load resistance, the CaMnO3 modules generated a current
of approximately 150-180 pA with a corresponding power output of 3-4 pW,

depending on the applied temperature difference.
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The efficiency of the modules in practical thermoelectric applications was
demonstrated by their ability to generate consistent power output under realistic
thermal conditions. Although the power output is relatively low compared to state-of-
the-art thermoelectric materials, the use of CaMnO3 modules in multi-layer concrete
bricks provides a cost-effective and sustainable solution for energy harvesting from
waste heat in building structures. The closed-circuit measurements highlight the
potential of these modules for integration into larger energy recovery systems, where
their performance can be enhanced by optimizing the thermal and electrical interface

between the module and the surrounding brick.

In conclusion, the open-circuit and closed-circuit measurements confirm that
n-type CaMnO3 modutes embedded in multi-layer concrete bricks are capable of
generating measurable voltage and power output under a temperature gradient,

making them suitable for thermoelectric applications in ‘energy recovery systems.

4.6 FEM simulations of n-type CaMnOg modules in multi-layer concrete brick
4.6.1 Simulation setup and validation
FEM model and boundary conditions

To validate the simulation, the temperature distribution, temperature contour,
and electric potential over a simulation period of 3600 seconds are presented in Figure
4.24. In the simulation setup, a higher temperature of 200°C was applied to the lower
side of the insulator, while the lower side of the module was set to a potential of V=0.
As expected, the results show a higher temperature at the lower side of the insulator
and a lower, cooler temperature at the upper side of the module, consistent with the

assigned boundary conditions.
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FEM simulation of the n-type CaMnO3z modules embedded in multi-layer
concrete bricks was designed to predict the thermoelectric performance under various
thermal and electrical conditions. COMSOL Multiphysics was used as the simulation
platform, utilizing its thermoelectric module to model the heat and electrical transport
phenomena. The simulation considered a three-dimensional model of the CaMnO3
module within a multi-layer concrete brick, where the brick served as an insulating

layer to maintain the temperature gradient across the thermoelectric module.

The boundary conditions applied to the FEM model included a constant
temperature on the hot side of the module (ranging from 400 to 500 K) and an ambient
temperature of 300 K on the cold side. The module's electrical contacts were modeled

with a fixed potential difference, simulating open-circuit and closed-circuit conditions.



109

Material properties such as thermal conductivity, Seebeck coefficient, and electrical
conductivity were derived from experimentally measured values for both the CaMnO3
module and the concrete layers. These input parameters were crucial for accurately

capturing the heat and electrical transport characteristics of the system.

The thermal properties of the multi-layer concrete brick were also included in
the model, with each layer having distinct thermal conductivities, representing CAST
11 LW, CAST 13 LW, and CAST 15 LW layers. These materials helped manage the heat
flow, enhancing the temperature gradient across the CaMnO3 module. The FEM model
accounted for both Joule heating and the Seebeck effect to simulate the energy

conversion process.

Validation with experimental data

The results of the FEM simulations were validated by comparing them to the
experimentally measured thermoelectric properties of the n-type CaMnO3 modules.
The simulationaccurately predicted the V.. generated by the modules under a
temperature gradient, with the simulated values showing close agreement with the
experimental V.., which ranged from 24 to 28 mV. The slight discrepancies observed,
particularly at higher temperature gradients, were likely due to simplifications in the
model, such as neglecting certain contact resistances and thermal losses within the

brick structure.

Closed-circuit measurements were also validated against the simulation results.
The simulated power output under closed-circuit conditions was consistent with the
experimental data, confirming the model’s ability to predict the thermoelectric
performance of the CaMnO3 modules under practical operating conditions. However,
minor deviations were observed in the power output at extreme temperature
gradients, which may be attributed to the assumptions made about the homogeneity
of the module’s material properties and the thermal conductivity of the concrete

layers.

Adjustments were made to the FEM model to account for these discrepancies,
including refining the material property inputs and adjusting the thermal boundary

conditions to better reflect the real-world experimental setup. After these adjustments,
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the simulation results closely matched the experimental data, providing confidence in
the FEM model's ability to predict the performance of the CaMnO3 modules within
the multi-layer concrete brick structure. In summary, the FEM simulations provided
valuable insights into the thermoelectric behavior of n-type CaMnO3 modules and
were successfully validated against experimental data, offering a reliable tool for

further optimizing the design of thermoelectric systems in building applications.
4.6.2 Heat transfer and electrical potential distribution

Thermal gradient across the modules

The FEM simulations for n-type CaMnO3 modules in the multi-layer concrete
brick setup provided a detailed visualization of the temperature distribution across the
module under different operating conditions. According to Figure 4.25, the simulation
results demonstrated that the multi-layer design of the brick effectively maintained a
significant thermal gradient across the thermoelectric module, with the hot side
reaching up to 500 K and the cold side remaining at 300 K. This temperature gradient
is crucial for optimizing the Seebeck effect, as the magnitude of the temperature

difference directly impacts the voltage generated by the module.

The geometry of the CaMnOg modules, specifically the aspect ratio and surface
area exposed to heat, played a key role in determining the efficiency of heat transfer.
Modules with a higher surface area on the hot side exhibited more efficient heat
absorption, leading to a steeper thermal gradient and improved thermoelectric
performance. The material properties of both the CaMnO3 and the surrounding
concrete layers were also critical. The thermal conductivity of the concrete layers
helped control heat dissipation, ensuring that the heat flow remained directed through

the module rather than dissipating through the brick.
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Figure 4.25 The FEM thermal distribution results of (a) the n-type CaMnO; module
without insulator (b) the n-type CaMnO; module embedded in the I-layer and
(c) the n-type CaMnO; module embedded in the lll-layer concrete bricks

The simulation results showed that the multi-layer brick design, which consisted
of CAST 11 LW, CAST 13 LW, and CAST 15 LW layers, enhanced the thermal gradient
by minimizing heat loss through the outer layers, thereby maximizing the temperature
difference across the CaMnO3 module. This controlled heat flow is vital for improving
thermoelectric efficiency in energy harvesting applications, particularly when the

modules are integrated into building materials.

Electrical potential distribution

The simulation of the electrical potential distribution within the CaMnO3
modules and the multi-layer brick setup provided valuable insights into the power
generation capabilities of the system. According to Figure 4.26, The results showed
that the electric potential was highest near the hot side of the module, where the
temperature gradient was steepest, and gradually decreased toward the cold side. This
distribution is typical of thermoelectric materials, where the Seebeck effect drives the
generation of voltage due to the movement of charge carriers from the hot to the cold

side.
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Figure 4.26 The FEM electrical potential distribution results of (a) the n-type CaMnQ,
module without insulator (b) the n-type CaMnOs; module embedded in the
I-layer and (c) the n-type CaMnO; module embedded in the lll-layer concrete
bricks

The geometry and design of the module were found to have a significant impact
on the distribution of electrical potential. Modules with larger surface areas for heat
absorption showed better voltage generation, as they facilitated more efficient heat-
to-electricity conversion. Additionally, the arrangement of the electrical contacts on
the module influenced the overall efficiency of the power output. Optimizing the
contact placement and ensuring minimal resistance at the contacts were critical factors

in maximizing the electrical potential generated.

The electrical potential distribution within ‘the multi-layer brick system also
demonstrated the importance of minimizing thermal and electrical losses. By carefully
designing the concrete layers to provide adequate insulation while maintaining the
integrity of the electrical connections, the system was able to generate a consistent
and measurable power output. These simulation results underscore the potential of
CaMnO3 modules embedded in' multi-layer bricks for practical thermoelectric energy
harvesting applications, particularly in building materials where waste heat can be

recovered efficiently.

In conclusion, the FEM simulations highlighted the importance of optimizing
both the thermal gradient and electrical potential distribution to enhance the overall
performance of n-type CaMnO3 modules in multi-layer concrete bricks. The module
design, material properties, and system configuration all play a crucial role in

determining the efficiency of thermoelectric power generation.
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4.6.3 Optimization of multi-layer concrete brick with CaMnO3 modules
Geometrical optimization

The geometrical optimization of the n-type CaMnO3 modules was crucial for
maximizing their thermoelectric performance when embedded in the multi-layer
concrete brick structure. Various design parameters, including the thickness, surface
area, and aspect ratio of the modules, were explored through FEM simulations to

determine their influence on the module’s efficiency.

The FEM results indicated that increasing the surface area of the CaMnOgz
module exposed to the heat source significantly improved the heat absorption and
enhanced the temperature gradient across the module. A larger surface area facilitated
more efficient energy conversion by increasing the contact between the module and
the heat source, thereby increasing the open-circuit voltage and power output.
However, the thickness of the module also played a critical role. According to Figure
4.27, thicker modules exhibited a reduced thermal gradient, as the heat was distributed
more evenly across the module, leading to- a lower Seebeck coefficient and,

consequently, reduced electrical performance.

An optimal ‘module thickness of approximately 1 mm provided the best
balance between maintaining a steep thermal gradient and allowing sufficient electron
transport. Beyond this thickness, the thermoelectric efficiency began to decline due to
the diminishing temperature difference across the module. These simulations
demonstrated  that careful control of the module’s geometry could significantly
enhance the thermoelectric performance by optimizing the heat-to-electricity

conversion process.

Impact of module placement in multi-layer brick

The placement of the CaMnO3 modules within the multi-layer concrete brick
also had a profound impact on the heat flow and thermoelectric efficiency of the
system. FEM simulations showed that modules placed closer to the outer layers of the
brick, where the temperature gradient was highest, generated better thermoelectric
performance. The thermal conductivity of the concrete layers played a crucial role in
directing the heat flow through the modules. Placing the module at the interface

between the high-temperature outer layer and the insulating inner layer of the brick
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helped maintain a significant temperature difference, which is essential for maximizing
the Seebeck effect. However, the placement of the module too close to the surface
led to thermal losses, as heat escaped through the outer layers of the brick without
fully contributing to the temperature gradient across the module. An optimal
placement of the module approximately 5-10 mm from the brick's surface minimized

these losses while maintaining an adequate thermal gradient.
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In practical applications, considerations such as mechanical stability, ease of
integration, and protection from environmental conditions (e.g., moisture, mechanical
stress) must also be addressed. These factors can influence the module's placement
and performance over time. Integrating the module within the structural layers of the
brick, while ensuring that it remains in contact with the highest temperature gradient,
provides a practical solution for maximizing thermoelectric efficiency in real-world
applications such as waste heat recovery in buildings. In summary, optimizing both the
geometry and placement of the n-type CaMnO3 modules is essential for enhancing
the thermoelectric performance in multi-layer concrete bricks. By carefully adjusting
these parameters, it'is possible to maximize heat absorption, maintain a steep thermal

gradient, and improve the overall efficiency of the system.

4.7 Discussion
4.7.1 Comparison between experimental and simulated results
Agreement between experimental and FEM results

According to Figure 4.28, the comparison between the experimental data and
the FEM simulation results for the n-type CaMnO3 modules embedded in multi-layer
concrete bricks showed a strong correlation, indicating the reliability and accuracy of
the simulation model. The V. values obtained experimentally were in close agreement
with the FEM simulations. For instance, at a temperature gradient of 200°C, the
experimentally measured Vy ranged from 24 to 28 mV, which closely matched the
simulated values. This alignment between the experimental and simulated results

validates the assumptions-and boundary conditions used in the FEM model.

Similarly, the power output under closed-circuit conditions also showed good
agreement between the experimental data and the simulated results. According to
Figure 4.28 and Figure 4.29, both experimental and FEM simulation approaches
confirmed that the electrical conductivity and thermoelectric efficiency of the CaMnO3
modules were strongly dependent on the temperature gradient and module design.
However, small discrepancies were observed at higher temperature gradients, where
the experimental power output was slightly lower than the simulated values. These

discrepancies could be attributed to thermal and contact resistances that were not



116

fully captured in the FEM model, as well as potential material inhomogeneities in the

experimental setup.

Ty=200 °C N-type CaMnO; module N-type CaMnO; module embedded in concrete

without insulator brick

I-layer concrete brick l-layer concrete brick
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Figure 4.28 IR image and thermal distribution image of (a) (d) the CaMnO; module
without thermal insulator, (b) (e) the n-type CaMnO; module embedded in
the I-layer and (c) (f) the n-type CaMnOs; module embedded in the lll-layer

concrete bricks

The accuracy of the FEM model in predicting the temperature distribution and
electrical potential across the modules was further confirmed by the consistency in
the observed thermal gradients. Nonetheless, the inclusion of additional parameters
such as contact resistance and more precise material properties could improve the

model's accuracy in future simulations.
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Figure 4.29 IR image using Keysight Technologies (U5856A) of (left) the CaMnO,
module without thermal insulator, (middle) the n-type CaMnO; module
embedded in the I-layer and (right) the n-type CaMnO; module embedded

in the lll-layer concrete bricks

Insights gained from simulation for design optimization

The FEM simulations provided valuable insights that were instrumental in
optimizing the design of the n-type CaMnO3 modules. One of the key findings from
the simulations was the importance of module geometry in maximizing thermoelectric
performance. The simulations revealed that increasing the surface area of the module
exposed to the heat source significantly enhanced the temperature gradient, leading
to improved voltage generation. This insight guided the geometrical optimization of the
modules, where a balance between surface area and thickness was achieved to

optimize both heat absorption and electrical output.

Additionally, the simulations highlighted the critical role of module placement

within the multi-layer concrete brick structure. The optimal placement, approximately
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5-10 mm from the surface of the brick, minimized thermal losses while maintaining a
sufficient temperature gradient across the module. This insight is valuable for future
designs, as it provides a practical guideline for embedding thermoelectric modules in

building materials to maximize efficiency.

Moreover, the FEM model demonstrated that the thermal conductivity of the
concrete layers surrounding the module could be fine-tuned to direct heat flow more
efficiently through the thermoelectric module. This finding opens new possibilities for
optimizing the insulating materials used in the brick to further enhance the

performance of thermoelectric systems in real-world applications.

In summary, the comparison between the experimental and simulated results
confirmed the reliability of the FEM model, while the insights gained from the
simulations provided critical guidelines for optimizing the design and placement of n-
type CaMnOgz modules in multi-layer concrete bricks. These results offer a strong
foundation for future developments in thermoelectric materials and systems designed

for waste heat recovery in building applications.

4.7.2 Implications for thermoelectric applications
Potential for real-world applications

The results from the experimental and FEM simulations indicate that both the
C1,A+-1GO composites and n-type CaMnO3 modules hold great potential for real-world
thermoelectric applications, particularly in the fields of energy harvesting and waste
heat recovery. The C;,A-rGO composites exhibit enhanced electrical conductivity
while maintaining low thermal .conductivity, making them suitable candidates for
thermoelectric systems where maximizing electrical output and minimizing heat loss
are crucial. These composites could be applied in small-scale devices for waste heat

recovery from electronic components, industrial machinery, or domestic appliances.

According to Figure 4.30, The n-type CaMnO3 modules, when embedded in
multi-layer concrete bricks, have demonstrated their ability to convert thermal energy
into electrical energy efficiently. This integration into building materials offers a novel
solution for large-scale energy harvesting from waste heat, such as recovering heat

from industrial processes or solar heating systems. The multi-layer brick design helps
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to maintain a significant temperature gradient across the modules, enhancing the
Seebeck effect and improving power generation. This concept could be applied in the
construction of energy-efficient buildings that integrate thermoelectric materials into

their structure to recover ambient heat and convert it into usable electrical energy.

The practical implications of these findings suggest that C;,A;-rGO composites
and CaMnO3 modules could play a significant role in future thermoelectric systems
aimed at enhancing energy efficiency in both small and large-scale applications. By
optimizing the module design and material placement, these materials could

contribute to reducing energy waste and improving overall energy efficiency.
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Future research directions

The results of this study open several avenues for further research to enhance
the thermoelectric performance of both C;,A;-rGO composites and CaMnO3 modules.
One key area for future research is improving the material synthesis process to further
enhance the electrical conductivity of C;,A-rGO composites while maintaining their
low thermal conductivity. Investigating different rGO loadings, optimizing the ball
milling process, and exploring alternative synthesis techniques, such as chemical vapor
deposition (CVD), could lead to significant improvements in the performance of these

composites.

For the CaMnO3 modules, future research could focus on refining the module
design and improving the integration of these modules into building materials. Studies
could explore optimizing the multi-layer concrete brick structure to further reduce
thermal = losses and enhance the temperature gradient across the modules.
Additionally, research into reducing the thermal and electrical contact resistances
within the modules could lead to higher power output and improved efficiency.
Characterization technigues such as advanced microscopy, Raman spectroscopy, and
more detailed FEM simulations could provide further insights into the microstructural
features that influence the thermoelectric performance of these materials. Such
analyses could help identify ways to further improve the material properties, leading
to more efficient thermoelectric devices. Finally, research into the scalability and
durability of these materials in real-world environments is necessary to ensure their
long-term viability for large-scale applications. Understanding how these materials
perform under different operating conditions, such-as temperature cycling, humidity,
and mechanical stress, will be critical for their practical implementation. In conclusion,
while the current study demonstrates the potential of C;,A;-rGO composites and
CaMnO3 modules for thermoelectric applications, there is significant scope for further

research to refine their performance and broaden their application range.

In this chapter, we presented and discussed the experimental results of the
synthesized ultra-high rGO content C;,A;-rGO composites and the n-type CaMnO3
modules embedded in multi-layer concrete bricks. The results showed that increasing

rGO content significantly improved the electrical conductivity and reduced the thermal
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conductivity in Cy,A;-rGO composites, enhancing their thermoelectric performance.

Additionally, the structural and electrical characterization of the CaMnO3 modules
confirmed their suitability for high-temperature applications, with FEM simulations
validating their design and optimizing their placement within the multi-layer concrete
brick to maximize the temperature gradient and energy conversion efficiency. The
integration of both experimental findings and FEM analysis allowed us to better
understand the relationship between material properties and thermoelectric
performance. These insights are critical for designing thermoelectric modules with
practical energy harvesting applications. In-the next chapter, we will summarize the
key findings from the study, evaluate the achievement of research objectives, and
discuss the contributions this research makes to the field. Furthermore, we will highlight
the limitations encountered and suggest potential directions for future work to further

enhance the thermoelectric efficiency of these materials and their applications



Chapter 5

Conclusion

5.1 Summary of key findings
5.1.1 Achievement of objectives

The primary objectives of this thesis focused on enhancing thermoelectric
conversion efficiency by investigating two key material systems: ultra-high rGO content
C1,A+-1GO composites and n-type CaMnO3 modules embedded in multi-layer concrete
bricks. Each objective outlined at the start of the research was successfully addressed
through a combination of material synthesis, characterization, and performance

evaluation, as well as FEM simulations and module construction.
Synthesis and characterization of ultra-high rGO content in C,;,A-rGO composites

The first objective was to synthesize C;,A;-rGO composites with varying ultra-
high rGO content and to conduct a thorough structural and electrical characterization
of these materials. The synthesis was carried out using a solid-state reaction technique
combined with ball milling, successfully integrating rGO into the Ci,A; matrix.
Characterization through XRD, SEM, Raman spectroscopy, and UV-VIS spectroscopy
confirmed the phase purity, homogeneity of rGO dispersion, and the structural integrity
of the composites. These techniques provided key insights into the impact of rGO
content on the composite’s microstructure, confirming the successful achievement of

this objective.
Measurement of electrical conductivity and thermoelectric performance

The second objective was to measure and analyze the electrical conductivity,
dielectric properties, and thermoelectric performance of the synthesized C;,A;-rGO
composites. Electrical conductivity was found to increase with rGO content due to the
formation of a conductive network of rGO sheets within the composite. The Seebeck
coefficient and thermal conductivity were also measured, revealing the relationship
between rGO content and the material’s thermoelectric properties. The ZT was

calculated, with an optimal rGO content yielding the highest ZT value, highlighting the
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composite’s potential for thermoelectric applications. This objective was successfully

fulfilled through detailed electrical and thermal characterization.

Design, simulation, and construction of n-type CaMnOz modules in multi-layer

concrete brick

The third objective involved the design, FEM simulation, and experimental
validation of n-type CaMnO3 modules embedded in multi-layer concrete bricks. The
modules were synthesized and characterized for their structural and electrical
properties, showing good phase purity and -semiconducting behavior. FEM simulations
were employed to optimize the module design and placement within the concrete
brick, providing insights into thermal gradient management and power generation. The
open-circuit and closed-circuit electrical measurements demonstrated the modules’
ability to convert thermal energy into electrical energy effectively. This work
successfully demonstrated the potential of integrating thermoelectric materials into

building structures, achieving the objective of constructing and evaluating n-type

CaMnO3 modules for practical energy harvesting applications.

In summary, all the objectives of the thesis were successfully met. The research
provided significant advancements in the synthesis and characterization of C;,A;-rGO
composites: and demonstrated  the  viability of n-type CaMnO3z modules for

thermoelectric applications in energy-efficient building materials.

5.1.2 Synthesis and characterization

The synthesis of ultra-high rGO content C;,A+-rGO composites was successfully
achieved using a solid-state reaction method followed by ball milling, which allowed
for the effective incorporation of rGO into the C;,A; matrix. Key outcomes of the
synthesis process include the creation of a highly conductive composite material with
enhanced thermoelectric properties due to the integration of rGO. The synthesis
parameters, such as ball milling time, calcination temperature, and rGO content, played
a crucial role in determining the microstructural and phase characteristics of the final

composite.
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Key findings from characterization

X-ray diffraction (XRD)

XRD analysis confirmed the successful formation of the C;,A; phase with no
significant impurities. The peaks corresponding to C;,A; were sharp and well-defined,
indicating high crystallinity. The presence of rGO was also confirmed through the
detection of characteristic diffraction peaks associated with graphene oxide, particularly
the broad peak corresponding to the (002) plane. This confirmed the incorporation of
rGO within the Cj,A; matrix without disrupting the crystalline structure of the host

material.
Scanning electron microscopy (SEM)

SEM imaging revealed the well-dispersed nature of rGO throughout the Cj,A;
matrix. The micrographs showed that rGO formed a continuous network, effectively
bridging the C;,A; grains. The rGO content improved the structural integrity of the
composite, reducing grain boundaries and enhancing the overall morphology. The
porosity observed in the C,A; structure provided further benefits for thermoelectric

applications by contributing to phonon scattering and lowering thermal conductivity.
Raman spectroscopy

Raman spectroscopy provided further evidence of successful rGO incorporation.
The D-band and G-band peaks observed in the Raman spectra confirmed the presence
of disordered carbon (rGO) and graphitic structures, respectively. The intensity ratio
(I_D/I_G) indicated a moderate level of disorder in the rGO sheets, which is beneficial
for thermoelectric performance by enhancing phonon scattering without severely

impacting electrical conductivity.
UV-VIS spectroscopy

UV-VIS spectroscopy was employed to estimate the optical band gap of the
C1,A+-r1GO composites. The results showed a increase in the band gap with increasing
rGO content, demonstrating the influence of rGO on the electronic structure of the
composite. This reduction in the band gap improves the electrical conductivity of the

composite, contributing to its enhanced thermoelectric properties.
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Influence of synthesis parameters on microstructure and phase purity

The synthesis parameters, particularly the milling time, rGO loading, and
calcination temperature, had a direct impact on the microstructure and phase purity
of the C;,A;-rGO composites. Longer milling times improved the uniform dispersion of
rGO within the matrix, ensuring homogeneity and enhancing electron mobility. The
optimal calcination temperature of 1623 K facilitated the formation of a pure C;,A,
phase while preserving the structural integrity of the rGO, preventing it from degrading
at high temperatures. These optimized synthesis parameters contributed to the overall

enhancement of the composite’s thermoelectric performance.

In conclusion, the successful synthesis and characterization of ultra-high rGO
content in Cy,A;-rGO- composites demonstrated  significant improvements in both
structural and thermoelectric properties, highlichting the potential of these materials

for energy harvesting applications.

5.1.3 Electrical and thermoelectric properties

The investigation into the electrical and thermoelectric properties of the C;,A;-
rGO composites revealed key trends that highlight the impact of rGO content on the
overall performance of the material. The electrical conductivity, Seebeck coefficient,
and thermal conductivity were thoroughly measured to assess the ZT, which is a critical

parameter in determining the material's potential for energy harvesting applications.

Main trends in electrical conductivity, Seebeck coefficient, and thermal
conductivity

Electrical conductivity

The electrical conductivity of the C;,A;-rGO composites increased significantly
with rising rGO content. This is due to the formation of a continuous network of
conductive rGO sheets within the C;,A; matrix, which enhanced charge carrier mobility.
Composites with higher rGO content (e.g., 60-70 wt%) exhibited the highest electrical

conductivity, reaching values suitable for thermoelectric applications.
Seebeck coefficient

The Seebeck coefficient, which measures the voltage generated due to a

temperature gradient, showed a decreasing trend as the rGO content increased. While
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pure C;,A; exhibited a relatively high Seebeck coefficient, the introduction of rGO
reduced the coefficient due to the increased charge carrier concentration. However,
even at higher rGO content, the Seebeck coefficient remained within a range that

contributed positively to the overall thermoelectric performance.
Thermal conductivity

One of the major benefits of incorporating rGO into the C;,A; matrix was the
reduction in thermal conductivity. The rGO sheets effectively scattered phonons,
thereby minimizing heat transport through the composite. This reduction in thermal
conductivity is essential for improving the ZT value, as it helps maintain a high

temperature gradient, which is critical for efficient thermoelectric conversion.

Optimal rGO content and its impact on ZT

The optimal rGO content for maximizing the ZT was found to be around 60
wt%. At this concentration, the composite achieved a balance between electrical
conductivity and thermal conductivity, leading to an improved ZT value. The increased
rGO content enhanced electrical conductivity while the phonon scattering effect of
rGO reduced thermal conductivity. These combined effects resulted in an optimal ZT
of approximately 0.22, a significant improvement compared to pure Cy,A;. This balance
between electron transport and heat management highlights the importance of

optimizing rGO content for maximizing thermoelectric performance.

Temperature dependence and balance between  electrical and thermal
properties

The temperature dependence of the electrical and thermoelectric properties
was also a key factor in evaluating the performance of the C;,A;-rGO composites. As
the temperature increased, the electrical conductivity improved due to thermal
excitation of charge carriers. However, the Seebeck coefficient showed a moderate
increase with temperature, reflecting the semiconducting behavior of the composite.
The thermal conductivity, on the other hand, exhibited a sligsht decrease at higher
temperatures, further enhancing the ZT value. This balance between electrical and
thermal properties as a function of temperature is critical for achieving efficient

thermoelectric conversion in practical applications.
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In summary, the electrical and thermoelectric characterization of C;,A;-rGO
composites demonstrated that optimizing rGO content and maintaining a balance
between electrical conductivity and thermal management is essential for enhancing
the ZT. These findings underscore the potential of these composites for use in energy

harvesting and waste heat recovery applications.

5.1.4 FEM simulations and module design
The FEM simulations conducted for the n-type CaMnO3 modules embedded
in multi-layer concrete bricks provided critical insights into the thermoelectric

performance and guided the design optimization of the modules.

Summary of FEM simulation outcomes

The FEM simulations accurately modeled the heat transfer and electrical
potential distribution within the CaMnOgz modules, which were embedded in the
concrete brick structure. The simulations demonstrated that maintaining a significant
temperature gradient across the module was crucial for maximizing the Seebeck effect
and, consequently, the voltage generation. By optimizing the boundary conditions and
material -properties in the simulations, the thermal and electrical behavior of the
modules was closely aligned with experimental results. This provided confidence in

the simulation model and its predictions regarding module performance.

Key insights from simulations regarding heat transfer and electrical potential
distribution

The FEM simulations revealed several important factors that impacted the

thermoelectric performance of the CaMnQO3 modules:
Heat transfer

The multi-layer concrete brick structure effectively insulated the module,
maintaining a steep temperature gradient between the hot and cold sides. This
insulation was critical for enhancing the thermoelectric performance. The simulation
showed that placing the module closer to the heat source while maintaining a sufficient
insulating layer was the optimal configuration for maximizing the heat flow through the

module without significant thermal losses.
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Electrical potential distribution

The distribution of electrical potential across the CaMnO3 modules was
strongly influenced by the temperature gradient. The simulations revealed that the
potential difference generated was highest at the interface between the hot side and
the module, gradually decreasing toward the cold side. This distribution is typical of
thermoelectric systems and underscored the importance of optimizing the module

geometry to enhance electrical output.

The combination of these factors, as revealed by the FEM simulations, helped
identify optimal design parameters for both the module geometry and placement

within the concrete brick, ensuring improved performance.

Successful design and performance based on experimental and simulated
results

The insights gained from the FEM simulations were validated by experimental
results, which demonstrated close agreement between simulated predictions and real-
world performance. The modules were able to generate measurable voltage and
power output under temperature gradients, confirming the effectiveness of the design.
The experimentally validated FEM model proved to be a reliable tool for optimizing
module design, particularly in terms of maximizing heat absorption and improving

electrical potential distribution.

In summary, the FEM simulations played a key role in optimizing the design and
placement of n-type CaMnO3 modules within multi-layer concrete bricks, ensuring
enhanced thermoelectric performance. The combination of simulation and
experimental validation provided a robust framework for further optimization in

practical applications.

5.2 Contributions to the field
5.2.1 Advancements in thermoelectric materials

This research demonstrates how rGO significantly improves electrical and
thermoelectric performance in C;,A; composites. The study's findings contribute to the

understanding of how to balance electrical and thermal conductivity, with an optimal
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rGO content yielding the best thermoelectric performance. These advancements open
possibilities for designing high-performance thermoelectric materials for energy

harvesting and waste heat recovery.

5.2.2 FEM for module design optimization

FEM simulations played a critical role in optimizing the design of n-type
CaMnO3 modules. By simulating various geometries and placements within the
concrete bricks, the study demonstrated how design adjustments could enhance
thermoelectric performance. This work contributes to the development of scalable
and efficient energy harvesting systems, especially in the field of building-integrated

energy technologies.

5.2.3 Potential applications

The Ci,A-rGO composites and n-type CaMnO3 modules hold significant
potential fora wide range of applications, from small-scale thermoelectric devices to
large-scale waste heat recovery systems. Embedding these materials in building
structures could lead to energy-efficient smart buildings, capable of harvesting ambient

heat and converting it into electricity.

5.3 Limitations of the study
5.3.1 Experimental limitations

Several experimental challenges were encountered, particularly in controlling
rGO content and distribution within the C;,A; matrix. Variations in rGO distribution could
have affected the material’s performance. Equipment sensitivity limitations in
techniques such as SEM and Raman spectroscopy may have introduced inaccuracies

in microstructure and property measurements.

5.3.2 FEM simulation limitations

FEM simulations made several simplifications, assuming uniform material
properties and ignoring certain heat losses, such as radiation or convection. These
assumptions may have led to discrepancies between simulated and experimental

results, particularly at higher temperature gradients.
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5.4 Future research directions
5.4.1 Further optimization of rGO content

Future research should focus on optimizing rGO content to enhance
thermoelectric performance further, exploring different synthesis methods and doping

strategies to improve material properties and prevent rGO agglomeration.

5.4.2 Advanced characterization techniques
Nanoscale characterization techniques, such as TEM and atomic-level
simulations, should be used to gain deeper insights into the material structure,

electronic transport, and phonon scattering mechanisms.

5.4.3 Improved FEM simulations
FEM simulations could be improved by incorporating more realistic boundary
conditions and multi-physics models, like electron-phonon interactions, to provide a

more accurate understanding of thermoelectric behavior.

5.4.4 New applications

The materials studied could be adapted for flexible thermoelectric devices,
wearable energy harvesters, and broader energy conversion technologies, such as
waste heat recovery and renewable energy systems. Exploring new applications in
smart infrastructure and building materials could lead to innovative energy-efficient

solutions.

5.5 Final remarks
5.5.1 Scientific and practical Impact

This research advances the understanding of thermoelectric materials and
provides scalable solutions for improving energy efficiency in both industrial and

everyday applications. The work paves the way for sustainable energy technologies.

5.5.2 Broader implications for the field

The findings of this research offer significant implications for the future
development of thermoelectric materials and devices. The approaches explored in this
thesis provide a strong foundation for further innovations in thermoelectric system

design and optimization.
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