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Bi(2-x)TixO3 (x = 0, 0.01, 0.03. & 0.05) (BO-xT) ceramics are prepared by conventional solid-state route followed by low sintering temperatures. X-ray diffraction analyses show the presence of the monoclinic phase of Bi2O3. The electrical conductivities at room temperature concerning the frequency (ranging from 25 kHz to 5 MHz) and Seebeck Coefficient ranging from 50°C to 400°C were measured. With an increase in Ti (dopant) content, the conductivity and Seebeck Coefficient increased with the temperature increment. The BO-0.03T has the highest Seebeck value (47 μV/°C), which shows a higher carrier concentration. In terms of electrical conductivities, the BO-0.05T ceramic shows the maximum electrical conductivity, i.e. 2.0 × 10−9 μS/m as compared to other samples, which exhibit the presence of free electrons. Moreover, relative permittivity (dielectric constant) and dielectric loss are also measured concerning the frequency at room temperature to investigate the dielectric behaviour of the ceramics. This low-temperature sintering ceramics will open new applications in the domain of electronic materials.
Keywords: solid-state synthesis, low-sintering-oxides, bismuth titanate, thermoelectric, dielectric properties
INTRODUCTION
The management of waste heat and energy efficiency in current technology is both challenging and of major concern. Thermoelectric materials, especially oxides, due to their non-toxic operation, no moving part or chemical reaction, negligible greenhouse gasses, potential scalability, and sustainability, are the most promising materials which convert heat to electricity and vice versa to overcome these obstacles (Petsagkourakis et al., 2018; Jia et al., 2021).
Many studies have reported that high-performance thermoelectric materials, can be described by figure of merit [i.e., zT = (S2σ/κ)T, where S, σ, κ and T are Seebeck coefficient, electrical resistivity, thermal conductivity, and absolute temperature, respectively.], >2.0 for several materials in bulk form (Li et al., 2017). Since, all the factors of zT are interrelated to carrier concentration, it is demanding to optimize the power factor (S2σ) and thermal conductivity (κ) (Han et al., 2014; Li et al., 2017; Petsagkourakis et al., 2018). Thus, several kinds of research have been carried out using different techniques, like; point defect engineering, structural designs and entropy engineering, and band engineering, to decouple these factors (Li et al., 2022). Nano-crystallization and low-dimensional processing of thermoelectric materials have proved to be important factors for high thermoelectric performance since it helps to increase the density of state and phonon scattering that lead to an increase in the Seebeck coefficient and electric conductivity respectively while maintaining thermal conductivity (Li et al., 2022; Yang et al., 2022). However, the measurement error in the figure of merit that has been reported is of major concern due to the multiple transferring of samples during testing as it affects the intrinsic physical properties (Han et al., 2014; Han et al., 2022; Li et al., 2022; Yang et al., 2022).
So far, Bi2O3 with TiO2 has been studied for its electron-conducting properties, photo-oxidative & sensing capabilities (Chadwick and Francklin, 1993; Gao et al., 2019). Bi2O3 is of high-mobility intrinsic p-type semiconductor that can be used as an electron donor to TiO2 (Singla and Singh, 2014; Huang et al., 2017). δ-phase of Bi2O3 exhibits the highest ionic conductivity and is reported to have a conductivity of 1 S Cm−1 between 600°C–800°C (Singla et al., 2012). This phase is thermally stable in the temperature range of 730°C–825°C (Singla et al., 2012). Because of the highly volatile nature of Bi ions, it could weaken the electrical properties of ceramic and thus, its usage in various applications. The enhancement of conductivity by stabilizing δ-Bi2O3 at medium and low temperatures depends on the appropriate doping. This could be achieved by substitution of either isovalent or aliovalent suitable metal dopant cation. In 1990, the first successful approach for high-temperature conducting disorder phase stabilization by partial substitution of vanadium with copper was reported by Abraham et al. The perovskite-related crystal structure leads to higher ionic conductivity than parent compounds due to rapid oxygen-ion conduction. Moreover, doped Bi2O3 exhibits relatively low sintering temperatures with remarkable dielectric properties (Singla et al., 2012; Huang et al., 2017). Oxygen vacancies play an important role to decide the dielectric properties of these systems (Singla et al., 2012; Singla and Singh, 2013; Gao et al., 2019). Many other functional materials such as SrTiO3, ZnO, SnO, etc., have been investigated as good candidates for thermoelectric applications (Shi et al., 2020). Therefore, TE materials have received considerable attention from researchers. However, the thermoelectric effect in Bi2O3 as a substrate is a relatively less studied area, and thus it would be fascinating to explore the thermoelectric properties of Bi2O3.
Due to its profound stability and flexibility in terms of structure accommodating most of the periodic table, the oxide perovskite facilitates the broad selection and adjustment of material properties. The achieved exceptional structural properties can be used in a variety of applications such as photovoltaic electrodes, superconductors, multiferroics, catalysts, batteries, resistive switches, and sensing materials. Along with their successful application in optoelectronic, piezoelectric and dielectric, halide perovskite has proved potential candidate for thermoelectric applications with a high Seebeck Coefficient and ultra-low thermal conductivity. Several reports show that the inorganic materials including; Skutterudites, PbTe, SnSe, Bi2Te3, clathrates phases, and oxide perovskite have efficient thermoelectric properties in different temperature ranges. HPs including perovskite with different dimensions or ion compositions are reported to have high Seebeck coefficient and ultra-low thermal conductivity that are intrinsically favourable for thermoelectric materials. These factors have paved the way for their application in the thermoelectric field. However, reported relatively small electric conductivity has restricted the power factor (PF) and dimensionless figure of merit (ZT) of HPs. Various experimental works have been done to optimize the electrical conductivity of HPs by adopting techniques like enhancing charge carrier concentration and reducing the charge transport barrier. Hence, balancing the correlated parameters is still one of the major concerns of HPs.
This study aims to synthesize thermoelectric materials with less energy consumption during thermal treatment. For this, a set of Bi(2-x)TixO3 (x = 0, 0.01, 0.03 & 0.05) ceramics have been prepared to investigate the effect of TiO2 doping on Bi2O3. The as-prepared samples were characterized and tested to study the thermoelectric and dielectric properties.
EXPERIMENTAL PROCEDURE
The preparation of ceramic compounds with the chemical formula Bi(2-x)TixO3 (x = 0, 0.01, 0.03 & 0.05) was carried out via the conventional solid-state synthetic method. The oxides Bi2O3 and TiO2 were used as precursors for the synthesis of present compounds. The synthesis involved batching raw materials stoichiometrically and grounded together in porcelain mortar in a methanol medium. The grounded powders were then calcined at 700°C for 3 h followed by further mixing and rigorous grinding and finally sieving to achieve homogeneity. The green powders were then mixed with polyvinyl alcohol (PVA) binder and pelletized using a YLG Powder Pressing machine with 0.5 MPa into a die of 12.7 mm diameter. The pellets were sintered at 750°C for 2.5 h.
The compounds, thus formed, were named BO (i.e., Bi2O3), BO-0.01T (i.e., Bi1.99Ti0.01O3), BO-0.03T (i.e., Bi1.97Ti0.03O3), and BO-0.05T (i.e., Bi1.95Ti0.05O3), considering different dopant concentrations, were characterized and used to carry out further studies. X-ray diffraction pattern of Bi(2-x)TixO3 (x = 0, 0.01, 0.03. & 0.05) were obtained using Cu-Kα radiation on x-ray diffractometer (PANalytical, X’Pert Pro, made in Netherland) within scanning range of 10°–80°. For conductivity, the silver paste was applied to both sides of the pellets and cured at 400°C for 3 h. The samples were evaluated using a Tonghui TH2826 LCR meter to measure the dielectric losses, electrical permittivity, and electrical conductivity within a frequency range from 25 to 1 MHz at room temperature.
The pellets of each composition were stacked up to observe the relation between thermal gradient and Seebeck Coefficient by using a setup containing a KEITHLEY 2612A Nano-voltmeter, hot plate, and digital meter in the temperature range of 50°C–400°C. The stacking was done by coating the silver adhesive to produce a greater thermal gradient and minimize the contact resistance.
RESULTS AND DISCUSSION
The XRD pattern of air-sintered samples at 750°C for 2.5 h with different concentrations of dopant (i.e., TiO2) at room temperature with the scanning rate of 0.02/min Is shown in Figure 1. Bi(2-x)TixO3 (x = 0, 0.01, 0.03. & 0.05) ceramics matched with the standard data ICDD exhibit monoclinic Bi2O3 crystal phase (PDF 001-076-1730 & PDF 003-065-2366) with a space group of P21/c for all four prepared samples. While demonstrating the phase purity of Bi2O3, no such impurities were detected. According to reports, Bi2O3 has six different polymorphs, namely,; monoclinic, triclinic, tetragonal, orthorhombic, body-centred cubic, and face-centred cubic, in which the monoclinic structure of Bi2O3 is favourable for superconductivity at high temperatures (Chadwick and Francklin, 1993; Singla and Singh, 2014). The secondary phase peaks of TiO2 are detected in the doped samples. The sharp peaks with high intensity indicate that materials are well crystallized. The high-intensity peaks observed at 25°, 26°, 48.9°, 56°, and 67° were respectively indexed as (102), (002), (102), (320), and (225) planes of monocline Bi2O3 in doped samples (i.e., BO-0.01T, BO-0.03T, & BO-0.05T). With an increase in Ti content, the intensity of diffraction peaks at 45° gradually increased, indicating the continuous improvement of the crystallinity of Bi2O3. Almost all the peak positions for different Ti concentrations are the same and no peak shifts were observed, this could attribute to the same lattice parameter (Singla and Singh, 2014; Rini and Restiana, 2019). The results showed the successful synthesis of the bismuth titanium oxide compound. The relative densities of all sintered pellets were over 90%, which is dense enough for thermoelectric studies.
[image: Figure 1]FIGURE 1 | (A) X-ray diffraction patterns of sintered pellets at 750°C (B) enlarged 45° peak.
The frequency dependence of electrical conductivity at room temperature is shown in Figure 2. The frequency spectrum ranging from 25 kHz to 1 MHz shows an increase in electrical conductivity in all compositions concerning the frequency indicating semiconducting behaviour (Hong et al., 2019). The conductivity results due to the absence of Bi3+ ions that produced the lattice defect or the excess of oxygen. The electrical conductivity has improved by doping Ti4+ ions (MansJield and Mansfield, 1946). Among all compositions, BO-0.05T -the highly doped ceramic-shows the highest electrical conductivity, i.e., 2.0 × 10−9 μS/m which exhibits the presence of free hole carriers and porosities (Li et al., 2000; Park et al., 2009; Koçyiğit et al., 2020). It can be observed that with the increase in dopant (Ti) concentration, the conductivity of the samples has also increased which is favourable for the high thermoelectric performance, i.e., figure of merit (ZT) (Koumoto et al., 2013; Shi et al., 2020; Han et al., 2022).
[image: Figure 2]FIGURE 2 | Electrical Conductivities of sintered pellets at 750°C as a function of frequency.
The measured Seebeck Coefficient versus average temperature in the range of 50 °C–400 °C is shown in Figure 3. For the Seebeck Coefficient (S) measurement, a thermal gradient of approximately 50 °C was obtained for all samples. The Seebeck Coefficient of all samples increases with increasing temperature as according to the theory of semiconductors with the electronic structures of broader bands, the carrier mobility is higher with large values of the Seebeck coefficient and electrical conductivity. The S values for almost all samples were around 13 μV/°C at 50°C which considerably improved over the wide range of temperatures, which could be ascribed to an increase in carrier density at high temperatures as the increasing Ti content for ≥150°C (Koumoto et al., 2013; Zuo et al., 2018). It can be observed from the graph that the Seebeck Coefficient of all doped samples has an almost similar trend till 300°C, however, the Seebeck coefficient of pure ceramic (BO) has shown a slight decrease after 200°C as compared to other doped samples. The samples show enhancement in electrical conductivity and the Seebeck Coefficient after Ti doping which could lead to high power factor values as compared to the un-doped sample (Koçyiğit et al., 2014; Koçyiğit et al., 2019; Ghosh et al., 2020). Among all compositions, as-prepared samples BO-0.03T has the highest Seebeck value, i.e., 47 μV/°C which shows the presence of a higher carrier concentration (Terasaki, 2011), while BO-0.03T has the second-highest electrical conductivity value. The power factor, i.e., S2σ of BO-0.03T ceramic could contribute to a greater figure of merit or thermoelectric properties (Martin et al., 2010; Dorey, 2012).
[image: Figure 3]FIGURE 3 | Temperature dependence on Seebeck Coefficient of stack pellets sintered at 750°C.
The dielectric properties of sintered samples at room temperature were also studied. Figures 4A, B show the dielectric constant (relative permittivity) and tangent loss (tanθ) as a function of frequency in the range of 25 kHz to 1 MHz respectively. The dielectric constant values continuously decrease and increase with an increase in frequency due to the change of polarization mechanism phenomenon (Martin et al., 2010; Terasaki, 2011; Dorey, 2012; Gao et al., 2019; Ghosh et al., 2020). This change originates due to the activation of one or more sources from electronic, ionic, atomic, dipolar, and space charge polarization at different frequency levels (Dorey, 2012; Santos et al., 2013). At the low-frequency level, the dielectric constant decrease with an increase in temperature due to the abatement in space charge polarization effect (Dorey, 2012; Singla et al., 2012; Singla and Singh, 2013; Rayssi et al., 2018; Gao et al., 2019). The doping of Ti4+ in Bi2O3 considerably increased the dielectric constant as defects, and impurity also has effects on εr. BO-0.01T shows the highest permittivity values while the pristine BO has relatively lesser values among the four compositions. It may attribute to high oxygen vacancies and defects (Gao et al., 2019). It can be observed from the graph (Figure 4A) that all samples remain stable with a very slight change in relative permittivity for a broader range of frequencies. Non-etheless, it could be due to the resonance of ionic or electronic polarization (Dorey, 2012; Singla and Singh, 2013). The loss tangent represents the energy losses that occur due to the polarization shifts when the external field is applied and is related to the relaxation process in dielectric materials (Dorey, 2012; Academia, 2022). The losses, in general, originate due to one of these three factors; DC conduction, interfacial polarization contribution, and dipole loss (Rayssi et al., 2018; Gao et al., 2019; Academia, 2022). The tangent losses in all samples at room temperature vary largely with increasing frequency; this may be due to the reordering of interfacial dipoles under the applied field. The losses become relatively less with an increase in frequency. Doped samples have relatively higher losses than the un-doped sample, this may result because of impurities and defects such as oxygen vacancies and these defects could enhance the leakage current that leads to the increment in the conductive loss (Singla and Singh, 2013; Rayssi et al., 2018; Gao et al., 2019). At high frequency, BO-0.01T has maximum losses ∼ of 18% and un-doped BO shows minimum losses ∼ of 4%. This could be due to localized accumulation of charge and free electrons under the applied electrical field (Dorey, 2012).
[image: Figure 4]FIGURE 4 | (A) Relative permittivity and (B) Tangent loss of sintered pellets at 750°C as a function of frequency at room temperature.
CONCLUSION
In this work, the Bi(2-x)TixO3 (x = 0, 0.01, 0.03 & 0.05) ceramics (>90% dense) were prepared by conventional solid-state route followed by low-temperature sintering (750°C). The prepared samples were characterized, and their thermoelectric and dielectric properties were investigated. The Ti dopant has shown a remarkable effect on Bi2O3. With an increase in dopant concentration, the electrical conductivity and Seebeck Coefficient increased which could contribute to a greater power factor (S2σ) and thermoelectric properties. Furthermore, the dielectric constant and tangent losses increase with an increase in dopant concentration at room temperature. At high frequency, BO shows the minimum losses, while BO-1T exhibits the higher permittivity among all compositions.
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