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Abstract

This study investigates the thermoelectric properties of Ca,Fe,Os over a tem-
perature range of 7°C to 50°C. The experiment measured the voltage gener-
ated by temperature differences across two sides of the material, with a focus
on the voltage response at temperatures both below and above room temper-
ature. Results indicate that at lower temperatures (7°C to 15°C), the voltage
generated by the temperature difference was higher, though not directly pro-
portional to the magnitude of the temperature gradient. The highest voltage
recorded for the smallest temperature difference in this range was 109 mV,
observed between 14.6°C and 17.6°C (smallest temperature difference, 3°C).
Similarly, at temperatures above room temperature, the voltage generated was
relatively lower, peaking at 125 mV between 9°C and 44°C (higher tempera-
ture difference). These results suggest complex behavior of Ca,Fe,Os’s ther-
moelectric response, with non-linear relationships between voltage and tem-
perature differences at both low and high temperatures.
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1. Introduction

Thermoelectric materials, which can convert temperature gradients into electrical
energy through the Seebeck effect, have emerged as promising candidates for re-
newable energy generation and efficient thermal management systems. These ma-
terials are pivotal in applications such as waste heat recovery [1], thermoelectric
generators (TEGs), [2] and Peltier coolers [3], where direct thermal-to-electrical
energy conversion plays a crucial role. The performance of thermoelectric mate-

rials is typically characterized by their Seebeck coefficient (S), electrical conduc-
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tivity (o), and thermal conductivity (x), which collectively define the dimension-
less figure of merit (ZT). A high ZT value indicates a material with efficient ther-
moelectric performance, and researchers have focused on discovering and opti-
mizing materials with large Seebeck coefficients, low thermal conductivity, and
favorable electrical conductivity to achieve higher ZT values. Common materials
such as bismuth telluride (Bi,Te;) and lead telluride (PbTe) have demonstrated
high ZT values, particularly at room temperature, but issues such as scarcity, tox-
icity, and high cost have driven the search for alternative, more sustainable mate-
rials.

Perovskite oxides, in particular, have attracted attention due to their structural
flexibility and tunable electronic properties. These materials, with the general for-
mula ABOs;, offer the possibility of tailoring their thermoelectric properties
through chemical substitution, crystal engineering, and defect management.
Among these, Ca,Fe;Os, a brownmillerite phase of calcium ferrite, is of interest
because of its mixed valence states and potential for exhibiting interesting electri-
cal and thermal properties [4] [5]. Previous studies have explored the electrical
and ionic conductivity of perovskite and brownmillerite-type materials, highlight-
ing their complex conduction mechanisms and sensitivity to oxygen vacancy con-
centrations. However, there is limited literature on the thermoelectric behavior of
Ca,Fe;O5 particularly its performance across a broad range of temperatures [6].

Complex oxides, including perovskites, have been noted for their stability at
high temperatures, making them attractive candidates for high-temperature ther-
moelectric applications [7]. Studies on related materials, such as CaMnO; and
SrTiO; have demonstrated non-linear voltage responses to temperature gradients,
particularly at temperatures both above and below room temperature [8]. The
Seebeck coefficient is a critical parameter in thermoelectrics, as it measures the
voltage generated per unit temperature gradient across a material. For materials
with low thermoelectric figure of merit (ZT), the Seebeck coefficient often plays a
limiting role. A low Seebeck coefficient reduces the material’s ability to convert
thermal energy into electrical energy effectively, hindering performance. Improv-
ing the Seebeck coefficient, typically by optimizing the carrier concentration or
material composition, is essential for enhancing ZT and advancing thermoelectric
applications in energy harvesting and waste heat recovery. Note that the Seebeck
coefficient describes the material’s efficiency in converting temperature gradients
into electrical voltage. A positive Seebeck coefficient indicates that positive charge
carriers (holes) dominate the thermoelectric response, while a negative coefficient

suggests the dominance of negative charge carriers (electrons).

Seebeck coefficient (S) = voltage/temperature difference

The Seebeck coefficient (S) is a measure of the thermoelectric voltage generated
in response to a temperature difference across a material. It is mathematically ex-

pressed as:

S=AVIAT
Where:
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o Sisthe Seebeck coefficient (typically in volts per kelvin, V/K or microvolts per
kelvin, pV/K),

e AVis the voltage difference (V) between the two ends of the material,

e ATis the temperature difference (K) between the two sides of the material.

In this study, we investigate the thermoelectric properties of Ca;Fe,Os across a
temperature range from 7°C to 55°C, with a particular focus on its behavior in
regimes both below and above room temperature. The material’s response to tem-
perature gradients is analyzed to determine how the Seebeck coefficient and volt-
age output vary across this temperature range. This research aims to expand the
understanding of Ca,Fe,Os’s thermoelectric performance and its potential appli-

cations in temperature-sensing and energy-harvesting technologies.

2. Experimental Method
2.1. Material Synthesis

Ca,Fe;O5 was synthesized using a solid-state reaction method. Stoichiometric
amounts of high purity starting materials, including calcium carbonate (CaCO3)
and iron (III) oxide (Fe,Os) and manganese oxide (MnO,), were carefully weighed
and thoroughly mixed. The mixtures were ground using an agate mortar and pes-
tle to achieve homogeneous powders.

The resulting powders were pressed into pellets and subjected to a two-step
thermal treatment. Initially, the samples were calcined at 1000°C for 24 hours in
MTI muffle furnace, with a ramping rate of 100°C per hour to ensure controlled
heating. After cooling, the pellets were reground, pressed again into pellets, and
heated at 1200°C for an additional 24 hours under the same ramping rate. Follow-
ing the final heat treatment, the pellets were allowed to cool to room temperature

naturally inside the furnace.

2.2. Characterization

The phase purity of the synthesized compounds was confirmed using Bruker D2
phaser X-ray diffractometer (XRD) with Cu Kal (1 = 1.54056 A). Rietveld refine-
ments were conducted using GSAS software and the EXPEGUI interface. The mi-
crostructures were studied using high resolution field emission scanning electron
microscopy (JEOL-SEM).

2.3. Thermoelectric Effect Measurement

The thermoelectric effect was measured by measuring the potential developed by
the temperature difference between the two sides of the pellet. A custom designed
set up instrument was used to measure it. It contains hollow tubes connected to a
hollow cube on two opposite sides for water outlet and inlet. Ice-cold water was
run to a metal cubic hollow box through the tube. It keeps the box wall cold all
the time. A sample pellet was kept intact with the metal box wall. The temperature
of the box wall in contact with the pellet was measured with a k-type thermometer.

At the same time the other side (outside) of the pellet was heated with a metal
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sheet. The metal sheet was heated by an electric heater such as high temperature
soldering heater with controller. The temperature of the outside (heated part) of
the pellet was measured by another K-type thermometer. Similarly, the potential
difference developed by the hot and cold sides was measured using a voltmeter.
Thus, the temperature difference between the two sides of a pellet and the poten-
tial (voltage) developed were measured at the same time. The whole set-up was

diagrammatically shown in Figure 1.

fa

el CO|dl Water

Cold water e '

Sample pellet

Figure 1. Schematic picture of potential measurement between hot and cold sides of a
CaFe Os pellet.

3. Results and Discussions

3.1. Material Synthesis and Characterization

Ca,Fe;O5 was synthesized using the solid-state synthesis technique. The crystal
structure of Ca,Fe;Os has been previously reported. [4] To further investigate its
structural properties, powder X-ray diffraction (XRD), and scanning electron mi-
croscopy (SEM) were employed.

Figure 2 presents the powder XRD data for Ca,Fe,Os, confirming its crystal
structure through Rietveld refinement. The refinement results were consistent
with the previously reported brownmillerite structure characterized by the Pnma
space group. The refinement also highlighted the alternating arrangement of tet-
rahedra and octahedra within orthorhombic unit cells. In this structure, tetrahe-
dra within the same layer are aligned in the same direction, while tetrahedra in
alternating layers are oriented oppositely. This is visually depicted in Figure 2 in-
set, where Blue tetrahedra indicates a rightward orientation, and red tetrahedra
indicates a leftward orientation. The refined structural parameters of Ca,Fe,Os are

provided in Table 1.

Table 1. Rietveld refinement parameters of Ca;Fe;Os.s.

element be y z Uiso  multiplicity occupancy
Ca 0.4808(5)  0.1079(2)  0.0247(6)  0.028 8 1
Fel 0.0000 0.0000 0.0000 0.027(6) 4 1
Fe2  —0.0548(3) 02500  —0.0669(9) 0.030(2) 4 1
DOI: 10.4236/msce.2025.136001 4 Journal of Materials Science and Chemical Engineering
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Continued
01 0.2573(2) —0.0154  0.2344(2)  0.027(3) 8 1
02 0.0295(2)  0.1420(3)  0.0774(2)  0.019(1) 8 1
03 0.6106(7) 0.2500  —0.1250(5) 0.014(2) 4 1

Space group = Pnma, a = 5.4024(1) A, b = 14.7017(3) A, ¢ = 5.5726(3) A, wRp =0.0177, Rp
=0.0132.
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Figure 2. The Rietveld refinement profile of Ca:Fe2Os.5. The blue circles, red line, pink ver-
tical lines, and black solid line represent the raw data, the model, Bragg peak positions, and
difference plot, respectively. The inset shows the crystal structure with an orthorhombic
unit cell and Pnma space group.

The scanning electron microscopy (SEM) image of Ca,Fe,Os, shown in Figure
3, reveals close contact between the grains. The SEM analysis indicates that the
material is non-porous. The non-porosity was evaluated using a theoretical den-
sity calculation based on the method described in the literature [6]. The experi-
mental density of Ca,Fe,Oswas found to be 98% of the theoretical value, further
corroborating the non-porous nature of the bulk material. Despite variations in
grain size, larger grains were observed to dominate over smaller ones, as depicted
in the SEM image.

Figure 3. SEM images of Ca:Fe;Os.
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3.2. Thermoelectric effect

The thermoelectric behavior of Ca,;Fe,Os was investigated across a range of temper-
atures from 7.5°C to 50°C. The results, summarized in Table 2, show the voltage
“generated by temperature differences (AT) and the corresponding thermoelectric
effect,” S = V/AT, where V is the measured voltage in millivolts (mV) and AT is the
temperature difference in Celsius. Seebeck coefficient S indicates the material’s effi-

ciency in converting thermal gradients into electrical voltage.

3.2.1. Voltage Response with Temperature Difference
At lower temperatures (7.5°C to 17.6°C), the voltage generated increased with the
temperature difference, although this relationship was not linear. For instance, the
highest voltage (109 mV) was observed with a small temperature difference of 3°C
between 14.6°C and 17.6°C. This suggests that even small temperature gradients can
lead to significant voltage generation under certain conditions. As the temperature
difference increased in this range (e.g., from 6°C to 6.3°C between 7.5°C and 13.5°C),
the voltage also increased, with a peak value of 120 mV at a difference of 6.3°C.
However, at higher temperatures (above room temperature), the voltage re-
sponse began to exhibit more variability. For example, between 30°C and 47°C,
the voltage generated ranged from 55 mV at a temperature difference of 17°C to
45 mV at a difference of 25°C. This suggests that the material’s efficiency in gen-
erating voltage diminishes as the temperature rises, possibly due to a reduction in

the material’s thermoelectric potential at higher temperatures.

3.2.2. Seebeck Coefficient (S)
The Seebeck effect refers to the generation of an electromotive force (emf) across
two points of an electrically conductive material when there is a temperature gra-
dient between them. This emf is known as the Seebeck emf, or thermoelectric emf.
The Seebeck coefficient is the ratio of the emf to the temperature difference. A
thermocouple measures the potential difference between the hot and cold ends of
two dissimilar materials, and this potential difference is proportional to the tem-
perature difference between the two ends. The value of S shows a decreasing trend
with increasing temperature differences. At lower temperatures, for example,
when the temperature difference was 3°C (between 14.6°C and 17.6°C), the ther-
moelectric figure of merit was notably high (36.33), indicating efficient voltage
generation with a relatively small temperature gradient. In contrast, at higher tem-
peratures with larger temperature differences, S values were considerably lower.
For instance, between 30°C and 55°C, the S values decreased significantly, with
the lowest value (1.8) recorded for a temperature difference of 25°C. Table 2
shows the relation between the temperature gradient and Seebeck coefficient. Fig-
ure 4 shows the relation between the Seebeck coefficient and the lowest (cold)
temperatures at which voltages were measured. Table 3 compares the Seebeck co-
efficient values with other reported materials.

This trend suggests that while the material is capable of generating relatively

high voltage at small temperature differences, its efficiency decreases as the tem-
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perature gradient increases. Such behavior may be indicative of the material’s
non-linear thermoelectric response, possibly due to intrinsic properties like elec-
tron scattering, phonon-electron interactions, or thermal conductivity changes at

higher temperatures.

Table 2. Temperature gradient, voltage generated and calculated Seebeck coefficient.

Temperature-1 ("C) Temperature-2 ("C)  Difference in temperature Voltage (mV) S = L (mV/°C)
AT

7.5 13.5 6 0OmV 15
8.5 14.8 6.3 120 mV 19.04762
14.6 17.6 3 109 mV 36.33333
13.8 17.6 3.8 103 mV 27.10526
25 30 5 72 mV 14.4
30 38.5 8.5 85 mV 10
26 38 12 34 mV 2.833333
28 40 12 40 mV 3.333333
28 42 14 50 mV 3.571429
30 47 17 55mV 3.235294
30 55 25 45mV 1.8
8 26 18 80 4.444444
30 21 110 5.238095
9 44 35 125 3.571429
10 50 40 125 3.125
40

2

o\°
A

Seebeck Coefficient(mV/-C)
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Figure 4. Seebeck coefficient vs temperature (°C).
Table 3. Comparison of Seebeck coefficients.
Seebeck
compound . Temperature References
coefficient (uV/K)
CasFe,Os - 400 (at 300 K) doi: 10.1016/j.jssc.2010.05.016 [6]
LaCoOs - 600 (at 300 K) https://doi.org/10.1016/j.ceramint.2014.04.123 [9]
NaCo,04 - 100 (300 - 1000 K) DO https://doi.org/10.1103/PhysRevB.56.R12685 [10]
https://doi. 10.1039/C4TA01514B [11
CaMnO:; - 550 (at 300 K) pastndulry? L [11]

DOI: 10.1088/1674-1056/24/9/098101 [12]
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3.2.3. Interpretation of Trends
The high voltage at smaller temperature differences and the decrease in S at larger
gradients can be attributed to several factors:

1) Non-linear thermoelectric response: The material exhibits a complex ther-
moelectric behavior, where smaller temperature differences result in a more effi-
cient conversion of thermal gradients into voltage. However, as the temperature
difference increases, the voltage generated no longer increases proportionally.

2) Material-specific properties: Ca,Fe,Os may exhibit a saturation effect in its
thermoelectric response at higher temperatures, where the voltage generated
reaches a plateau or decreases slightly with further increases in temperature dif-
ference. This suggests that the material’s thermoelectric properties are sensitive to
both the magnitude and direction of temperature gradients.

3) Thermal conductivity and Seebeck coefficient: The decrease in S at higher
temperature differences could also be due to an increase in thermal conductivity,
which could reduce the effective temperature gradient across the material, thus

lowering its voltage output.

4. Conclusion

The results highlight the intricate thermoelectric behavior of Ca,Fe;Os, showing
that the material exhibits relatively high voltage generation at small temperature
differences, particularly in the lower temperature range (7.5°C to 17.6°C). How-
ever, as the temperature difference increases, the material’s thermoelectric effi-
ciency decreases, reflected in lower S values at higher temperature gradients.
These findings suggest that Ca,Fe,Os could be a promising material for thermoe-
lectric applications in specific temperature ranges, particularly where small tem-
perature gradients are involved. Further studies could focus on optimizing the
material’s performance at higher temperatures and exploring the underlying

mechanisms responsible for its non-linear response.
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