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Abstract

The development of efficient thermoelectric (TE) materials compatible with 3D printing technologies has
significant potential for creating custom, scalable, and eco-friendly power generation solutions. This study focuses
on the synthesis, optimization, and characterization of thermoelectric materials designed for 3D printing
applications. The goal is to achieve enhanced electrical conductivity, thermal stability, and optimized Seebeck
coefficients to maximize power generation efficiency. Using a combination of nanoscale fillers and conductive
polymers, we fabricated thermoelectric inks that can be extruded through various 3D printing techniques.
Comprehensive characterization methods, including electrical conductivity, Seebeck coefficient measurements,
thermal conductivity, and morphological analysis, were employed to assess the performance and microstructure
of the printed TE materials. Our results show promising power factors and conversion efficiencies, demonstrating
the feasibility of using 3D printing for thermoelectric materials with applications in wearable electronics, energy
harvesting, and temperature control systems. This work highlights the potential of additive manufacturing in
advancing thermoelectric materials for flexible, customizable, and scalable energy solutions.

INTRODUCTION:

Thermoelectric generators (TEGS) are devices designed to convert heat directly into electricity by utilizing
temperature differences across thermoelectric materials. These generators operate based on the Seebeck effect,
where a temperature gradient between two materials generates a voltage, allowing TEGs to produce power from
waste heat or natural temperature gradients. The ability to convert thermal energy to electrical energy without
moving parts makes TEGs highly reliable and low-maintenance, ideal for applications ranging from industrial
waste heat recovery to powering remote sensors and space missions.

The materials used in TEGs are selected for their unique properties: high electrical conductivity to allow efficient
electron flow, and low thermal conductivity to maintain the temperature gradient across the device. Common
thermoelectric materials, such as bismuth telluride and new composite structures, enhance the device's efficiency
by improving thermal and electrical properties. Recent advancements in material science and fabrication
techniques, such as the integration of nanostructures and 3D printing, have further increased the efficiency and
flexibility of TEGs. These developments enable the design of custom thermoelectric generators suitable for a wide
range of sustainable energy applications, including harvesting energy from automotive exhaust, industrial
furnaces, and renewable energy sources, contributing to the pursuit of cleaner, renewable power solutions.
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The Seebeck and Peltier effects are two fundamental thermoelectric phenomena that enable the direct conversion
of thermal energy to electrical energy and vice versa.The Seebeck effect occurs when a temperature difference is
applied across two dissimilar conductors or semiconductors, generating an electric voltage. Discovered by
Thomas Seebeck in 1821, this effect is the foundation of thermoelectric generators (TEGS), where the temperature
gradient between the hot and cold sides of the device creates a continuous electric current. This ability to convert
heat into electricity makes the Seebeck effect valuable for applications in waste heat recovery, portable power
generation, and renewable energy.

The Peltier effect, discovered by Jean-Charles Peltier in 1834, describes the phenomenon where a current passing
through two different materials causes heat to be absorbed or released at the junction, depending on the direction
of the current. This effect is the basis for thermoelectric cooling, where electrical energy drives the cooling process
without the need for moving parts or refrigerants. Thermoelectric coolers (TECs) utilizing the Peltier effect are
used in precise temperature control applications, such as electronics cooling, medical devices, and laboratory
equipment. Together, these effects enable versatile thermoelectric devices that are efficient, compact, and eco-
friendly, suitable for both power generation and thermal management applications.
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Combustion of bismuth nitrate is a process in which bismuth nitrate decomposes through a combustion reaction,
typically in the presence of a fuel or by heating, to yield bismuth oxide and various nitrogen oxides as byproducts.
Bismuth nitrate (Bi(NO3)3) is commonly used as a precursor for bismuth oxide due to its relatively easy
breakdown when subjected to thermal or combustion conditions.During combustion, the bismuth nitrate is
typically mixed with a solvent like ethanol, which acts as a fuel and helps initiate the exothermic decomposition

Preparation of synthesis Bismuth oxide (Bi-Os):

Combustion of Bismuth Nitrate:

216



Tuijin Jishu/Journal of Propulsion Technology
ISSN: 1001-4055
Vol. 46 No. 2 (2025)

process. When ignited or heated, the combustion reaction produces heat, leading to rapid oxidation and breakdown
of the nitrate compound. This results in the formation of bismuth oxide (Bi2Os) as a solid residue, alongside
nitrogen dioxide (NO2) and oxygen gas, which are released as gases.The combustion process is relatively quick,
generating an ash-like product primarily consisting of bismuth oxide. To further purify and stabilize the bismuth
oxide, the product is often annealed or sintered at a specific temperature, such as 600°C, which also helps to
improve its crystallinity and desirable material properties for various applications, like thermoelectric devices.

Ash o produt

Annealing product

Annealing process synthesis method:

Annealing is a heat treatment process used to alter the physical and sometimes chemical properties of a material.
It can relieve internal stresses, improve ductility, enhance toughness, and modify the microstructure. In the case
of bismuth oxide, annealing can affect its crystallinity, phase stability, and electrical or optical properties.

Heating: The bismuth oxide material is gradually heated to 600°C. This controlled heating is crucial to prevent
thermal shock and ensure uniform temperature distribution throughout the material.

Soaking: Once the desired temperature is reached, the material is held at 600°C for three hours. This soaking
period allows for sufficient diffusion of atoms within the crystal lattice, leading to various changes, including:

Phase Transformation: Depending on the starting phase, annealing may promote the transformation of one phase
to another, stabilizing the desired form. For example, if starting with the monoclinic phase, prolonged exposure
at high temperatures may lead to a transformation to the more stable cubic phase.

Grain Growth: The process can promote grain growth, which can enhance the material’s mechanical properties
by reducing the number of grain boundaries.

Densification: Annealing can lead to densification, reducing porosity and enhancing mechanical strength.

Cooling: After the soaking period, the material is typically cooled down gradually to room temperature. Rapid
cooling (quenching) can induce stresses and unwanted phases, while slow cooling allows for a more stable
microstructure.

Electrical Properties: The electrical conductivity of bismuth oxide can be significantly affected by the annealing
temperature and time, which may be important for applications in solid oxide fuel cells, gas sensors, and catalysts.

Optical Properties: The annealed material may exhibit improved optical clarity and transmission properties,
making it suitable for applications in optics and photonics.
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Combustion Magnesium Nitrate:

The transformation of magnesium nitrate (Mg(NO3)2) to magnesium oxide (MgO)under heat is not a combustion
reaction in the traditional sense but rather a thermal decomposition process. When magnesium nitrate is heated, it
breaks down into magnesium oxide, nitrogen dioxide (NO2),and oxygen (O2). This reaction is endothermic,
meaning it requires heat input to proceed, unlike combustion reactions, which are typically exothermic. The
reaction releases nitrogen dioxide, a reddish-brown, toxic gas, along with oxygen gas. The release of oxygen
creates conditions that can support the burning of nearby flammable materials, effectively allowing magnesium
nitrate to act as an oxidizing agent. The stable product left after decomposition, magnesium oxide, is a white, non-
flammable solid. Although the process of heating magnesium nitrate produces oxygen, which can fuel the
combustion of other substances, magnesium nitrate itself does not combust in the way that traditional fuels do.
Instead, its decomposition merely aids combustion indirectly by supplying an additional oxygen source.

Annealing process:

Annealing magnesium oxide (MgO) at 600°C for 3 hours is a relatively low-temperature annealing process
compared to higher-temperature treatments that are often used for MgO. At this temperature and duration, the
goal would be to induce minor adjustments in the microstructure rather than substantial changes in grain size or
crystallinity. Here’s how the process at 600°C for 3 hours would work and what effects it may have on magnesium
oxide:

1. Heating Stage

Temperature: The magnesium oxide is heated to 600°C, a moderate temperature for MgO that is unlikely to cause
major grain growth or recrystallization but can relieve low-level internal stresses.

Atmosphere Control: Ideally, the heating should occur in an inert atmosphere like argon or nitrogen, or in a
vacuum, to avoid reactions with atmospheric water vapor or carbon dioxide, which can lead to surface
contamination (e.g., formation of magnesium hydroxide or carbonate).

2. Soaking Stage (3 hours at 600°C)

Stress Relief: The primary purpose of maintaining MgO at 600°C for this period is to relieve any residual stresses
without causing significant structural changes. This can help improve the material's stability, especially if it has
undergone prior processing that may have introduced stress, such as pressing or compacting.

Minor Structural Adjustments: While 600°C is not high enough to promote extensive grain growth, it may enhance
bonding between particles if the MgO is in a powder form. This can improve overall cohesion within the material.

3. Cooling Stage

After the 3-hour soaking period, the magnesium oxide is allowed to cool slowly to room temperature. This gradual
cooling helps avoid the introduction of new stresses.

Atmosphere Control: As with the heating stage, cooling in an inert or controlled environment minimizes the risk
of unwanted surface reactions.
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Characterization X Ray Diffraction:

X-ray diffraction (XRD) is a crucial technique in material characterization, used to analyze the atomic or
molecular structure of crystalline materials. When X-rays, with wavelengths comparable to atomic spacings, are
directed at a material, they scatter in patterns that depend on the arrangement of atoms within the crystal lattice.
This scattering follows Bragg’s Law, where the angle at which the X-rays are diffracted reveals the spacing
between atomic planes. XRD instruments use a combination of an X-ray source, goniometer, and detector to
measure the intensity of these scattered rays over a range of angles, producing a pattern known as a diffractogram.
Each crystalline material generates a unique diffraction pattern based on its structure, making XRD a powerful
method for identifying phases within a sample by matching the pattern against reference databases. Key details
such as peak position, intensity, and width in an XRD pattern can reveal the crystal structure, crystallite size,
phase composition, and even microstrain within the material. Applications include phase identification, where
different crystalline phases are determined; crystal structure analysis to understand the arrangement and symmetry
of atoms; and quantitative phase analysis, which can determine the relative amounts of multiple phases in a
sample. XRD also allows for texture analysis, assessing preferred crystal orientations within a material. While
XRD is highly precise and non-destructive, it is limited to crystalline materials and may struggle with phase
differentiation in materials that have similar crystal structures. Overall, XRD provides invaluable insight into the
microstructure and composition of materials, contributing to research and development across fields such as
chemistry, geology, metallurgy, and materials science.

X-ray diffraction (XRD) is essential for characterizing the crystallographic structure, phase purity, and
microstructure of materials like bismuth oxide (Bi20s) and magnesium oxide (MgO). The process begins with the
preparation of these materials, typically in powder form, to ensure homogeneity and stability under X-ray
exposure. To collect data, the sample is exposed to X-rays (usually Cu Ka radiation) in a setup with precise
alignment, and the diffraction pattern is recorded across a wide range of angles, usually 10° to 80° 26. Each
material has a unique diffraction pattern: Bi-Os, which can exist in multiple phases (e.g., a, B, v, ), shows different
patterns depending on the phase, while MgO, with its cubic structure, shows peaks at characteristic angles.Data
analysis involves matching the observed peaks with standard patterns to identify phases and using the Scherrer
equation to estimate crystallite size. Broader peaks indicate smaller crystallites, while peak broadening may also
reflect lattice strain, which can be further analyzed using the Williamson-Hall method. For materials with mixed
phases, such as bismuth oxide with potential multiple phases, Rietveld refinement can be applied to quantify each
phase accurately. Additionally, lattice parameters are calculated using Bragg’s Law, enabling the assessment of
structural characteristics and confirming phase identity.

These analyses help determine phase purity, with sharp, well-defined peaks indicating high purity and well-formed
crystals, while extra peaks might suggest impurities or secondary phases. High crystallinity is confirmed by
intense peaks, essential for applications in thermoelectric and catalytic devices where material structure impacts
performance. XRD characterization thus provides comprehensive insights into the material's structural integrity
and suitability for applications, making it a valuable method for optimizing bismuth oxide and magnesium oxide
for specific functional uses.
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High-resolution transmission electron microscopy (HRTEM):

High-resolution transmission electron microscopy (HRTEM) offers detailed insights into the atomic structure,
crystallinity, and defect profile of bismuth oxide (Bi2Os), making it ideal for characterizing this material’s multiple
possible phases and evaluating its suitability for various applications. The process begins with meticulous sample
preparation to ensure the bismuth oxide particles are thin enough for electron penetration, which is essential for
high-resolution imaging. Typically, the Bi-Os powder is dispersed in a solvent, deposited onto a carbon-coated
copper TEM grid, and dried to leave an even layer of particles. When prepared as a thin film, focused ion beam
(FIB) milling may be used for cross-sectional HRTEM imaging. Using a high accelerating voltage, usually 200-
300 kV, the electron beam generates images with sub-angstrom resolution, allowing for visualization of atomic
columns and lattice fringes unique to each Bi2Os phase. This imaging is complemented by selected area electron
diffraction (SAED) to confirm crystallinity and phase identity based on diffraction patterns.

Through the analysis of lattice fringes and interplanar spacings, HRTEM allows precise phase identification by
matching observed d-spacings with known values for bismuth oxide’s various phases, such as the monoclinic a-
phase or tetragonal 3-phase. SAED patterns provide further information, helping distinguish between crystalline
regions and identify defects like stacking faults and twin boundaries. HRTEM also reveals grain boundaries,
which impact electrical and thermal properties—critical considerations for optimizing Bi-Os in applications like
thermoelectric devices. Defects and polycrystalline regions are identifiable from variations in the diffraction
patterns, giving researchers insights into how structural irregularities affect the material's performance.

Image processing techniques, such as Fast Fourier Transform (FFT), are applied to HRTEM images to extract
details about lattice spacings, orientation, and strain within the lattice. FFT and inverse FFT analyses enhance
visibility of specific structural features, including grain boundaries and strain fields around defects. The results
from HRTEM provide a comprehensive profile of the material’s crystallinity, defect distribution, and phase
stability, enabling researchers to tailor synthesis methods and optimize BiOs for enhanced thermoelectric,
catalytic, or energy-storage applications. The atomic-level clarity provided by HRTEM is essential for advancing
the functionality of Bi.Os in technology by linking microstructural characteristics directly to performance
outcomes.
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onclusion:

This study developed thermoelectric materials optimized for 3D printing, with XRD and HRTEM
characterizations confirming phase purity, crystallinity, and fine structural details essential for thermoelectric
performance. XRD verified the material's phase stability, while HRTEM revealed particle morphology and
atomic-scale defects that could impact efficiency. These findings highlight the potential of 3D-printed
thermoelectric materials for scalable energy applications, especially in wearable and customizable devices. This
work demonstrates how advanced characterization supports the development of high-performance, printable
thermoelectric materials.
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