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ABSTRACT

Novel thermoelectric (TE) materials are increasingly centered on oxide ceramics because of
their excellent thermal stability, oxidation resistance, environmental compatibility, and
abundance of constituent eclements. In contrast, conventional thermoelectric non-
oxidematerials such as bismuth telluride, and lead telluride exhibit unfavorable properties
such as instability at high temperatures with scarce and toxic raw materials that constitute an

environmental hazard. Novel TE materials showcase diverse crystal architecturesincluding
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wurtzite (e.g. ZnQO), perovskite (e.g. SrTiO3), layered cobaltite (e.g. NaCo,04) and
oxychalcogenide (e.g. BiCuSeO) structures that strongly influence carrier transport and
phonon scattering. This review paper comprehensively examines the structure, electrical
conductivity, Seebeck coefficient and thermal conductivity of selected novel oxide
thermoelectric materials, emphasizing how defect chemistry, aliovalent doping,
nanostructuring, and composite design improve the thermoelectric figure of merit (ZT).
Recent studies have demonstrated that oxides can achieve competitive thermoelectric
performance while maintaining outstanding chemical and mechanical durability, making
them attractive for waste heat recovery in industrial furnaces, automotive systems, and energy

harvesting in renewable energy technological applications.

KEYWORDS: Thermoelectric materials, crystal structure, Seebeck coefficient, thermal

conductivity, figure of merit.

1. INTRODUCTION

A substantial fraction of industrial energy is lost as heat with potential for recovery through
thermoelectric conversion (Snyder & Toberer, 2008). Oxide thermoelectrics offer chemical
and thermal stability, noon-toxicity, and mechanical robustness, making them suitable for
high temperature applications (Koumoto et al, 2010). The discovery of high thermoelectric
performance in NaCo204 single crystals marked a turning point for oxide-based devices
(Terasaki et al, 1997). Other oxide systems such as Ca3C0409, SrTiO3 and ZnO have been
investigated extensively for their ability to combine large Seebeck coefficients with
acceptable electrical conductivity at elevatedtemperatures (Ohtaki et al, 1996; Liu et al,
2023). These materials also compatible with scalable ceramic processing methods, including
solid-state reaction (SSR), sol-gel synthesis, and spark plasma sintering (SPS) (Koumoto&
Mori, 2013).

Thermoelectric effects — Seebeck,Peltier and Thomson effects are governed by charge and
heat transport in solids (Rowe, 2018). The efficiency of thermoelectric materials is commonly

described by the dimensionless figure of merit (ZT), given by:

__ 8% T
K

ZT

where S is the Seebeck coefficient, ¢ is the electrical conductivity, T is the absolute
temperature at which the properties are measured and k = ki+kg(Tritt and Subramanian,
2006) is the total thermal conductivity. ki and kgare the lattice thermal conductivity and

electronic thermal conductivity, respectively.
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For a high ZT to be achieved, the following parameters are essential (Tritt and Subramanian,

2006; Wood,1988; Sales, 1998; Nolas and Poon, 2006):

1. Large Seebeck coefficient to produce a required high voltage for a given temperature
difference.

2. High electrical conductivity to minimise losses through electrical heating (Joule heating),
and

3. Low thermal conductivity to restrict diffusion of heat across the device by maintaining a

large thermal gradient.

Oxides often exhibit high lattice thermal conductivity due to strong ionic bonds, but defect
chemistry or engineering reduce the total thermal conductivity while maintaining favorable
electronic transport (Koumoto et al, 2010; Liu et al, 2023). The phonon-glass electron-crystal
(PGEC) concept guides oxide thermoelectric design, aiming for glass-like thermal

conductivity and crystal-like electrical conductivity (Slack, 1995).

2. NOVEL THERMOELECTRIC MATERIALS

As stipulated by loffe’s theory, oxides are unsuitable for TE applications due to their strong,
mixed ionic and covalent bonds, possession of high lattice thermal conductivityand lower
carrier mobility resulting in low electrical conductivity (Terasaki, 2013). However, there is a
strong empirical evidence that oxide thermoelectrics containing transition-metal oxides are
novel alternative materials to the current intermetallic (conventional) TE materials.
Generally, oxides are inert, non-toxic, light weight, cheap, possess small thermal expansion
with high melting point, hence promising TE candidates for high temperature applications
(Funahashi, 2009; Tomes et al, 2010).

Novel thermoelectric materials are expected to exhibit increased ZT and large power factor
(PF) compared to conventional thermoelectric non-oxide materials. Basic novel
thermoelectric materials include p-type NaxCo204 [comparable to (Bi, Sb)>(Te, Se)s] and n-
type rare-earth (RE) doped SrTiO3 based compositions that have been reduced in N2/5 % H»
gas mixtures (Terasaki, Sasago and Uchinokura, 1997). The recognition of Novel
thermoelectric materials (oxides) as potential TE materials particularly p-type oxides when
Terasakiet al (1997)in their study showed that layered cobalt oxide, NaxCo0204 exhibited a
high electrical conductivity (¢ = 500 S/m) and a large Seebeck coefficient (S = 100 pV/K).

This landmark opened the window for further investigations of other oxides for TE

Copyright@ Page 3



International Journal Research Publication Analysis

applications. This breakthrough opened the window for further research into other oxides for
TE applications.

Transition metal-oxides for TE applications are classified into wide-band-gap semiconductor,
perovskite-based, layered cobalt oxides and oxychalcogenides(Nag and Shubha, 2014)and
recently oxides with adaptive structures(Kieslich et al, 2016). A discussion of structures and

thermoelectric properties of some of these promising classes of TE oxides will be reviewed.

2.1. Waurtzite Oxides — ZnO

Crystal Structure of ZnO

Zinc (II) oxide (ZnO) is a wide band gap semiconductor and a promising candidate for TE
applications. It is also known as a transparent conducting oxide, TCO (Karvonen, Tomes and
Weidenkaff, 2011) with a wurtzite crystal structure belonging to a hexagonal system
(Onodera and Takesada, 2012). In the hexagonal lattice of ZnO (Figure 1), each Zn ion is
surrounded by four O* ions in a tetrahedral configuration to form ZnO4 groups. It possesses a
wide band gap of 3.44 eV at low temperature (Janotti and De Walle, 2009; Mang, Reimann,
and Riibenacke, 1995). Stoichiometric ZnO is an intrinsic semiconductor (insulator) but

exhibits n-type conductivity due to excess Zn atoms and the structure is as shown below.

[Lo0]

Figure 1. Wurtzite crystal structure of ZnO. Zn*" ions are in red and O* in yellow.

Thermoelectric Properties of ZnO

The strategy to enhance the TE efficiency of zinc (II) oxide lies in the reduction of the Zn-O
ionic bonds to increase the carrier mobility. A single crystal ZnO and Al-doped ZnO samples
were found to possess a carrier mobility of ~ 200 cm?/Vs and 80 cm?/Vs, respectively at
room temperature (Wanger and Helbig, 1974). A study of ZnOg.98Alo.02O thin films showed a
ZT ~ 0.3 at 1273 K with a PF of 1.5 x 10° W/m. K*(Karvonen, Tomes and Weidenkaff
2011). An improved ZT (0.4) at 773 K (Ohtaki, Maehara, and Shige, 2003) was obtained in
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Al-doped ZnO using nanoparticles of carbon or organic polymer (void forming agent). The
enhancement of the TE performance of the Al-doped ZnO is attributed to the compression of
the c/a lattice ratio of crystal due to the Al doping (Wiff et al, 2009).

Co-doping has been identified as an effective mechanism in the promotion of TE
performance of ZnO. A reported research has shown ZT = 0.47 and 0.65 at 1000 and 1273 K,
respectively for an Al-Ga dual doped ZnO (Zno.96Al0.02Gao.020).

ZnO possesses a very high thermal conductivity when compared to other thermoelectric
oxides. It has k = 54 W/m.K for single crystals and k = 40 W/m.K for polycrystalline
samples (Wanger and Helbig, 1974) at room temperature. Therefore, the effective means of
reducing this high thermal conductivity without compromising the power factor, PF is a

fundamental research challenge.

2.2. Perovskite Oxides — SrTiO3

Strontium titanate, SrTiO3 (STO) is the n = 1 end member of the Ruddlesden-Popper (RP)
phases with formula SrO,.1(SrTiO3)a (n = integer) and particularly when doped with Nb has
received considerable attention as a thermoelectric n-type oxide (Koumoto, 2010).
Bhattacharya et al(2014)highlighted notable transport properties of SrTiO3; to include
quantum paraelectricity, induced ferroelectricity, superconductivity, correlation between
superconductivity and ferromagnetism, piezoelectricity, photo-catalytic activity, and
thermoelectricity. Moreover, strontium titanate was the first discovered superconducting
ternary oxide(Dawson, Freeman, Hardinga, and Sinclair, 2013). It is a non-toxic, chemically
stable in air with a high melting temperature (2080 °C) thereby making it a promising
candidate for TE applications at high temperatures (Koumoto, 2010).

Crystal structure of SrTiOs

Pure SrTiOs; (STO) crystallizes in an ideal cubic perovskite structure at room temperature
with a lattice parameter, a ~ 3. 905 A (space group = Pm-3m) and a wide band gap, Eg of ~
3.2 eV (Bhattacharya et al, 2014;Benthem, Elsasser, and French, 2001). STO undergoes a
phase transformation from cubic (Pm-3m) to tetragonal (I4/mcm) structure at a temperature
below 105 K as a result of the rotation of the TiOs octahedra within the structure
(Bhattacharya et al, 2014; Dawson, Freeman, Hardinga, and Sinclair, 2013 and Migliori et
al,1993).

Perovskites are ternary compounds with the general formula ABX3; where “A” and “B” are

two different cations in equal ratio (with A > x2 the ionic radius of B) and “X” is an anion,
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which is usually oxygen (O). In an ideal cubic SrTiOs structure, “A” represents Sr*" and “B”
is the smaller Ti*' ion. Sr*" ions occupy the corner positions of the cube, while the Ti*" ions
occupy the centre with O* (X) anions located at the edge centres of the cubic unit cell
(Adams, 2010). The schematic of cubic perovskite structure of SrTiO3 is shown in Figure 2.
As shown in the structure of SrTiOs(Figure 2), Sr*" cations are arranged in cubo-octahedral
coordination and are surrounded by twelve O? anions. The Ti*" ions are surrounded by six
O? anions which leads to the formation of TiOs octahedra. By the introduction of dopant into

the lattice, distortions from cubic to lower symmetries (size incompatibility) may occur.

J

)=

Figure 2. Crystal structure of cubic perovskite SrTiOs at room temperature showing the

(@)

(a) octahedral coordination of Ti*" cation and (b) corner sharing array of
TiOsoctahedra(Adams, 2010). Sr?* ions are in yellow, Ti*" ions in green and O* ions in

red.

The measure of stability (degree of distortion) within the structure of perovskite-type ABO;
is defined by the Goldschmidt tolerance factor, t (Adams, 2010; Miiller, 2007):

E‘A+E‘|:|

1|,'|:':I'5+I!'|:|:|
wherera, rg andro are the ionic radii of atoms “A”, “B” and oxygen, respectively. For an ideal
cubic perovskite such as SrTiOs, t = 1, ra = 1.44 A, 15 = 0.605 A and ro = 1.40 A. Lower
symmetries are adopted when t < 1 or t > 1. This deviation from t = 1 results in distortion

from the ideal perovskite structure.

Electronic structure of SrTiOs
The Ti*" ion in SrTiOs is a typical transition metal oxide having a d° electron configuration.
Donor doping of SrTiOs is thought to partially fill its conduction band with electrons which

results in a transition from d° state to d' electron configuration (Ti*") thereby increasing the
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carrier concentration of the lattice. Undoped SrTiOs3 is a band insulator at room temperature
with a large band gap (3.2 eV) separating the valence from the conduction band (Hill,2002).
Due to the six-fold coordination of Ti*" ions by O anions, octahedral field splitting of Ti-3d
states (five degenerate d-band) occurs (Ravichandran, 2011; Ravichandran et al, 2010).
Figure 3 shows the schematic spatial (three-dimensional) distribution of the octahedral crystal

field (Ravichandran, 2011).

¥, (b)
"(l ’>7 P
y »“ ‘ o dzx L
Q9
. I . Octahedral Crystal Field Splitting

d 242 i ' 1 N d.‘z_yz ’d:2 e

— dyy

? -
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Figure 3. Diagrammatic representation of (a) spatial distribution of d-orbitals (b)

Energy

oxygen octahedral cage around Ti*" (c) d-band energy splitting due to the octahedral

crystal field (Ravichandran, 2011).

Thermoelectric properties of SrTiO3

Doped and/or reduced SrTiO; ceramic materials have recently shown increased conductivity
sufficient for thermoelectric applications (Dawson, Freeman, Hardinga, and Sinclair, 2013).
Upon doping either at A-site or B-site and/or creation of oxygen vacancies, SrTiO3 undergoes
a transformation to semiconductor (Bhattacharya et al, 2014) producing n-type carriers and if
sufficient O is removed it becomes metallic in character. Doped and oxygen deficient
strontium titanate (SrTiOs.5) has been reported to exhibit Seebeck coefficients ( | S | ~ 200 -
300 pV/K), low resistivity (p < 5 pQ/cm) at 750 K due to the carrier electrons possessing
high effective mass, m* of (~ 6-10)me attributed to its d-band nature and significant high PF
~ 0.8 — 1.3 W/m. K*(Bhattacharya et al, 2014; Koumoto, 2010 and Dehkordi et al, 2014). For
example, n-type La-doped SrTiOs single crystals are reported to have high PF of 3.6 x 107
W/m. K? at room temperature attributed to high carrier concentration, comparable to Bi-Te
alloys( L1, Lin, and Zhou, 2009). However, at 773 K, a decrease in ZT (0.15) occurs in the
doped SrTiOs single crystals because of its inherent high thermal conductivity (Wang et al,

Copyright@ Page 7



International Journal Research Publication Analysis

2009; Okuda, Nakanishi, Miyasaka, and Tokura, 2001;Muta, Kurosaki, and Yamanaka,
2005).The high thermal conductivity in SrTiO3 and other oxides emanates from the
contribution of the lattice thermal conductivity (kr). StTiO3z and other related oxides are also
susceptible to oxygen uptake (reoxidation) in air when reduced and oxygen-loss in reducing
atmospheres at high temperatures(Kumar, Barasheed, and Alshareef, 2013). Nonetheless,
promising n-type thermoelectric properties have been reported in SrTiO3 doped with Nb, W,
La, Ce, Pr, Nd, Sm, Gd, Dy and Yb(Kieslich et al, 2016).

Doped SrTiO3 exhibits high carrier mobility and large effective mass due to its d-band
structure thereby causing the observed high electrical conductivity and Seebeck coefficient.
Despite the reported high S, high ¢ and large PF, the ZT remains low due to its high k
compared with non-oxide TE materials (Liu et al, 2013). It has been widely studied in terms
of different dopants, doping mechanisms, and processing conditions (Srivastava et al, 2016).
ZT value of 0.27 at 1073 K was obtained in the study of La- and Nb-doped SrTiO3 single
crystals (Ohta, Nomura, Ohta, and Koumoto, 2005). Sri.xLaxTiO3 (0<x<0.1) single crystals
were studied by Okuda, Nakanishi, Miyasaka, and Tokura (2001) and a large PF of 3600
uW/m. K? was observed at room temperature. Improved TE properties (k ~3 W/m. K, ZT =
0.37) at 1000 K have been reported in an epitaxial Nb-doped strontium titanate
(SrTip8Nbo203) films (Wang et al, 2009; Ohta et al, 2005). Kovalevsky ef a (2014) studied
RE-doped Sro.9R0.1Ti03-5 (R = Dy, Sm, Nd) ceramics in reduced atmosphere and obtained an
optimised ZT of 0.42 at 1190-1225 K. Recently, Lu et a/ obtained a similar result with a ZT =
0.41 at 973 K from their La-doped, A-site deficient strontium titanate sample (Sri-
3x2LaxTi03; x = 0.15) processed in 5% H2/N» reduced atmosphere (Bilc et al, 2016; Lu et al,
2016).

Co-doping has been suggested to enhance thermoelectric properties of SrTiO3; ceramics. La-
doped and Dy-doped SrTiO;3 ceramics (Lao.1S10.9TiO3 and Dyo.1Sr0.9TiO3) showed maximum
ZTs of 0.17 at 673 K (k ~ 3.4 W/m.K, 1073 K) and 0.22 at 573 K (k ~ 2.2 W/m.K),
respectively (Muta, Kurosaki, and Yamanaka, 2003; Han, Sun, and Song, 2017). Co doping
with La and Dy (Lao.1Sro.83Dy0.07Ti03) (Wang et al, 2010; Wang and Wang, 2013) resulted in
areduced k (2.5 W/m.K) and a high ZT = 0.36 at 1045 K. Enhanced thermoelectric properties
have been reported for La-Nb doped SrTiOs3 ceramics. Wang et a/(2013) in the study of La-
Nb co-doped SrTiOs obtained a significant improved power factor and Seebeck coefficient
when compared to La-doped SrTiOz which is attributed to energy filtering effect of grain
boundaries. An increase in electrical conductivity is observed in the study of Nb-doped

Lao.05S10.05T103(Wang et al, 2009). Recently, Iyasara et al (2022) in the study of La-Sm A-
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site co-doped deficient SrTiO3; obtained a significant improved ZT (0.30 at 973 K) and
reduced thermal conductivity (k = 2.7 W/m.k at 973 K) which are attributed to the application
of a strongly reducing atmosphere in the processing of the materials hence, provided a
promising route to further enhance the thermoelectric properties of titanate-based ceramic
materials.

Apart from A and/or B-site doping, co-doping, ionic doping mechanism (A/B-site cation
vacancy), generation of oxygen vacancies and processing under reducing conditions,
incorporation of graphene or graphene oxide (GO), metallic elements or creation of second
phases have been suggested as potential routes in improving the thermoelectric properties of
doped SrTiO3 based ceramics. Improvement in TE performance due to addition of graphene
have been observed in conventional materials (non-oxides) (Feng et al, 2013; Dong et al,
2013), organic (polymeric) materials (Liu, Wang, Yin, and Jiang, 2014; Xu, Chen, and Qiu,
2013) and RE-doped SrTiO; ceramics (Lin et al, 2015; Okhay et al, 2018). In the study by
Lin et al (2015), incorporation of small amount of graphene into La-doped SrTiOs; (LSTO)
composites and sintered in Ar/H» reducing gas produced final materials with multiphase
structures and nano grains. As a result of the reduced thermal conductivity and improved
power factor, the highest ZT (0.36 at 1023 K) was achieved by adding 0.6 wt. % graphene,
which is adjudged to be over 280 % higher when compared to pure LSTO.

Layered Cobaltites — NaCo0204

Crystal structure of NaCo0204

The crystal structure of NaxCoO: (NaCo204) 1s a hexagonal layered structure with an
alternating stack of Na' ions and sheets of CoO; along the c-axis (Figure 4) (Nag and
Shubha, 2014). The CoO: sheets serve as electronic crystal thereby maintaining high
electrical conductivity while the Na™ ion blocks function as phonon scattering boundaries
resulting in low k(Nag and Shubha, 2014). Due to the phonon glass-electron crystal (PGEC)
behaviour of NaxCoOs, its structure type is known as nano-block integration. The large
Seebeck coefficients at high temperatures associated with NaxCoO- and other layered cobalt
oxides due to the low spin state of Co>" and Co*" are as a result of the CoO> sheets in the

structure (Koshibae, Tsutsui, and . Maekawa, 2000).
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Na

Co0;

Layer

Na

Figure 4. Hexagonal crystal structure of NaCo:04 layered cobalt oxide(Nag and
Shubha, 2014).

Thermoelectric properties of NaCo0204

The short MFP associated with layered structured materials due to phonon scattering at the
interfaces between the layers result in low k, hence better candidates for TE applications.
Therefore, there is a prospect for layered-structure cobalt oxides as TE materials. Prime p-
type oxides for thermoelectric applications are alkaline based layered cobalt oxides
(Doumerc, 2009;Fergus,2012). They are found to exhibit large Seebeck coefficients due to
low spin state of Co®" (Fergus,2012). These layered cobaltites derive a path for conduction
due to the presence of CoO> planes while the interconnected points or interfaces between the
layers and other parts of the structure inhibit heat flow via lattice phonons. Prominent
amongst these layered cobaltites are Ca3Co409 (Fergus,2012; Ohta, Sugiura, and Koumoto,
2008; Li, Lin, and Zhou, 2009), and NaCo,0O4(Fergus,2012).

Single crystal NaxCoO: shows a thermal conductivity between 4 and 5 W/m.K at 300 K with
largeSeebeck coefficient (100 uV/K), low resistivity (200 uQcm) and a resulting PF value
of 50 pW/K?.cm (Terasaki, Sasago, and Uchinokura, 1997; Nag and Shubha, 2014). A high
ZT = 1 at 800 K has been reported for a single crystal NaxCoOz sample with a high PF and a
low thermal conductivity (Nag and Shubha, 2014; Fergus, 2012). Unlike single crystal
NaxCo0Oz, the polycrystalline ceramic NaxCoO> shows a high resistivity which results in ZT =
0.8 at 1000 K (Fujita, Mochida and Nakamura, 2001). It is observed that at high
temperatures, NaxCoO> becomes unstable because it tends to absorb moisture in air (a

situation known as hygroscopy) while the constituent Na vaporises (degrades) at above 800
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°C. This, therefore, limits the TE application of NaxCoO; at elevated temperatures. This
drawback notwithstanding, the huge success recorded in TE study of NaxCoO: has led to the
exploitation of other layered cobalt oxides such as Ca3Co409 and Bi2Sr2C0209. The crystal
structure of CazCo4Q0p9 is similar to NaxCoO: except that its CoO; planes are separated with
layers of a distorted rock-like structure (CaO) as shown in Figure 5. ZT values of 1.2 to 2.9 at
873 K(Funahashi et al, 2000) and ZT > 1.1 at 1000 K (Funahashi and Shikano,2002) have

been reported for CazCo4QO9 single crystals and Bi>Sr2C0209 whiskers, respectively.

0002
Layer
3 ) 9
§ = & cao
) - @
- @ -
e - ® Co0O
« - /
e - 9
e 9 ® ca0
© (] ¢
Co0;
Layer

Figure S. Crystal structure of layered Ca3zCo409 oxide (Nag and Shubha, 2014).

Oxychalcogenides — BiCuSeO

Crystal structure of BiCuSeO

BiCuSeO is a potential p-type TE material, and the oxide with highest known ZT (Kumar and
Schwingenschlo, 2016). It is a non-toxic quaternary oxychalcogenide with a tetragonal
crystal structure (space group P4/nmm) (Shao et al, 2016; Liu et al, 2011). The crystal
structure is composed of alternately stacked layers of insulating oxide (Bi202)** and the
conductive selenide (CuSez)*(Wu, 2014;Kumar and Schwingenschlo, 2016; Liu et al,
2011)as shown in Figure 6. The layered crystal structure enhances phonon scattering at the
interface (leading to low k), exhibits weak bonding, and contains heavy elements. BiCuSeO
possesses k of 0.4 — 0.5 W/m.K at 900 K(Kumar and Schwingenschlo, 2016; Shao et al,
2016; ) and k < 1 at room temperature (Kumar and Schwingenschlo, 2016; Li et al, 2012;
Ding et al, 2015).
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Figure 6. Tetragonal crystal structure of BiCuSeO (space group P4/nmm) (Liu et al,
2011).

Thermoelectric properties of BiCuSeO

Empirical studies and research have shown that BiCuSeO has a good TE properties with ¢ >
4000 S/m, S > 200 pV/K and k = 0.5 W/m. K with a ZT = 0.7 at 773 (Li, Lin, and Zhou,
2009; Kumar and Schwingenschlo, 2016; Liu et al, 2011). A high ZT (0.76) has been
reported in BiCuSeO in which the Sr*" is substituted for Bi** in (Bi»02)*'layer(Zhao et al,
2010). Liu et al (2011)enhanced the TE of BiCuSeO properties by introducing Cu
deficiencies or holesinto the (CuSez)*selenidelayers. In this study, Cu deficient BiCug975SeO
gave an 6 = 3000 S/m, S = 273 puV/K, k = 0.5 W/m. K and a high ZT = 0.81 at 923 K. A
further study was reported by Ding et al (2015) for a heavily Ba-doped BiCuSeO (Bii-
xBaxCuSeO) in which a ZT ~ 1.1 at 923 K was obtained. Finally Bilcet al (2015); Zhaoet al
(2014) and Barreteau et al(2014) achieved a ZT = 1.4 at 923 K which remains to date the
highest reported for p-type TE oxides.

Tetragonal Tungsten Bronze Oxides

Tetragonal tungsten bronze (TTB) structure materials such as NbgxWo+xOs7(Krumeich,
Hussain, Bartsch, and Gruehn, 1995; Krumeich, 1995; Krumeich, Wérle, and Hussain, 2000)
and W-Nb-O alloy systems (Winter and Clarke, 2007; Gaultois, Douglas, Sparks, and
Seshadri, have been found to share similar structures with Magneli oxides. NaxWO3 was first
reported in 1824 by Wohler(Dickens and Whittingham, 1968)but Magneli was the first to
determine its structure using x-ray diffraction(Magneli,1949; Zhu et al, 2015). Since this

discovery, numerous compounds have been shown to crystallise with the TTB structure. The
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main elements or cations common in TTBs include alkali/alkali earth, rare earth, and

transition metals (Arnold and Morrison, 2009; Fang, Gong, Gebru, and Yuan, 2014).

TTB Structure

Tetragonal tungsten bronze (TTB) oxide ceramics are the largest class of dielectrics after
perovskites(Zhu et al, 2015). The TTB structure is a complex framework lattice with a
distorted, corner-sharing oxygen-octahedra (B10s and B20s) which form three different
interstices/tunnels or sites (Zhu et al, 2015; Fang, Gong, Gebru, and Yuan, 2014 ). These
tunnels are square (also called perovskite), A1 with a coordination number of 12, pentagonal,
A2 with 15-coordinated sites and trigonal/triangular (which is the smallest channel) C
containing 9-coordinated sites. A typical TTB structure is represented with the general
formula:

[A1,A2,C,][B1,B2,]0,, 2.0

Generally, the A1 and A2 sites are occupied by metal cations of alkali/alkaline earth
elements, p-block elements (e.g. Pb, Bi) or RE elements. C-sites are narrow and can be empty
in most TTB compounds or occupied by small cations like Li*. B octahedra sites are often
occupied by Ti*", Nb>" and Ta>*. Because of the capacity to accommodate large cations and
possession of great flexibility (or degrees offreedom) for tuning the chemical composition,
the TTB family shows excellent properties for diverse applications (Zhu et al, 2015; Lin et
al,2014). These include electro-optic, pyroelectric, piezoelectric, semiconductivity (and
metallic conductivity), superconductivity and high permittivity. A prototype TTB crystal

structure showing the sites and the corner-sharing oxygen octahedra is presented in Figure 7.

Figure 7. (a) Tilted view of a prototype tetragonal tungsten bronze (TTB) structure
showing multiple unit cells and the corner-sharing oxygen octahedra (b) a-b plane
projection (// c-axis) illustrating the tunnels described by the corner-sharing oxygen

octahedral (Chan et al, 2017).
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Thermoelectric Properties of TTB Oxides

Oxides are potential TE materials due to their cheapness or abundance, non-toxicity and high
chemical and/or physical stability when subjected to high temperatures. However, high
crystallographic symmetry (and small unit cells) associated with oxides lead to high thermal
conductivity and low ZT (Heinrich et al, 2015). In order to improve the TE efficiency via
lowering of the thermal conductivity, materials with intrinsic phonon scattering centres such
as Magneli phases and TTBs have recently attracted attention (Krumeich,1998;Heinrich et al,
2015)[192]. The CS planes and the natural disorder inherent in Magneli phases and TTBs are
regarded as intrinsic nanostructures and serve as barriers to phonon propagation.

The TE properties of NagxWo+xO47.5 (x = 0, 0.075, 0.1, 1, 2) TTB compounds were
investigated (Kieslich et al, 2016;Heinrich et al, 2015) with compositions exhibiting stability
up to 1323 K, low thermal conductivity (1.6-2.0 W/m.K) , and high S = -240 uV/K
(indication of n-type) at room temperature. The highest PF = 0.8 pW/cm. K? and maximum
ZT =0.043 at 973 K were observed in NbsW11047.5 (x = 2). The highest ZT (0.043) for Nas-
xWo+xO47.5 obtained in this study is very low compared to other n-type oxides, but the high
Seebeck coefficient and very low thermal conductivity recorded show the potential of TTBs
for TE applications. Lee er al(2010)[210] and Li ef al (2015) independently investigated the
TE performance of single crystal SrxBai.xNb2Os.s TTB compounds and reported a high PF
(200 uW/m.K?) at 516 K parallel to c-axis and a ZT > 0.5 along the c-direction (Chan et al,
2017). In a related study of TE properties of SrxBaixNb2Os-s5 single crystal and ceramics, k =
1.92 W/m.K (400 K), PF = 40.8 pW/cm.K? (550 K), ZT = 1.12 (550 K) for single crystals;
and k = 2.28 W/m.K (550 K), PF = 7 pyW/cm.K? (550 K), ZT = 0.17 (550 K) for ceramics
(Lee, Bock, Trolier-McKinstry, and Randall, 2012). In the recent study of the TE properties
of Nbg-xWox047 (0<x<5) TTB ceramics, S =-95 pV/K, k =2.6 W/m.K and ZT =0.2 at 1173
K were reported for Nb4sW13047 (x = 4) composition (Cerretti et al, 2017).

3. APPLICATIONS AND FUTURE PROSPECTS

Novel thermoelectric materials (oxide thermoelectrics) have attracted considerable attention
for high-temperature energy conversion because of their superior thermal stability, oxidation
resistance, environmental friendliness, and mechanical durability. Unlike, conventional
thermoelectric materials (non-oxide materials), novel TE materials can operate reliably in
oxidizing atmospheres and harsh industrial conditions at exceeding 800 K, making them
particularly suitable for large-scale waste heat recovery applications (Koumoto et al, 2010;

Hebert et al, 201).
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One of the most significant applications of oxide thermoelectrics is industrial waste heat
recovery. Large quantities of heat generated in steel manufacturing, cement production, glass
processing, petrochemical refining, and thermal power plants are dissipated into the
environment. Oxide thermoelectric generators can convert part of this waste heat directly into
electricity without moving parts, thereby improving overall energy efficiency and reducing
greenhouse emissions. Oxides such as calcium cobalt oxide and strontium titanate are
particularly promising for these applications because they maintain stable transport properties
at elevated temperatures (Koumoto& Mori, 2013).

Automotive thermoelectric generators also present a rapidly growing area of interest, internal
combustion engines lose a substantial fraction of fuel energy through exhaust heat. Oxide
thermoelectric modules integrated into exhaust systems could partially recover this heat and
improve fuel efficiency. Because novel thermoelectric materials are chemically stable under
oxidative and high-temperature conditions, they possess clear advantages over conventional
thermoelectric compounds for long-term automotive operation (Snyder & Toberer, 2008).
Another emerging applications is in renewable energy systems, particularlyconcentrated solar
power and geothermal technologies. Oxide thermoelectrics can withstand the high operating
temperatures associated with solar thermal collectors and geothermal reservoirs. Their
robustnessand resistance to thermal degradation make them suitable for continuous energy
harvesting in remote or extreme environments (Liu et al, 2023).

Oxide thermoelectric materials are also increasingly explored for aerospace and space
technology applications. Spacecraft, satellites, and remote sensing systems require durable
power-generation materials capable of operating under severe thermal cycling conditions.

In microelectronics and sensor technologies, oxide thermoelectrics are being investigated for
self-powered sensors and wearable energy-harvesting devices. Advances in thin-film
deposition methods, nanostructuring and flexible ceramic composites have enabled the
fabrication of miniaturized thermoelectric devices capable of powering low-energy
electronics. Transparent conducting oxides such as Indium oxide and doped ZnO are
especially attractive because of their optical transparency and electrical conductivity
(Koumoto et al, 2010).

The future prospects of oxide thermoelectrics depend largely on overcoming the challenge of
simultaneously achieving high electrical conductivity and low thermal conductivity. Several
emerging research directions show considerable promise. These include nanostructured

oxides, high entropy oxides, defect and band structure engineering, artificial intelligence and
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computational materials design, and advanced ceramic processing (Liu et al, 2023; Sarkar et

al, 2019; Pei et al, 2012).

CONCLUSION

The growing global demand for sustainable energy technologies and efficient energy
utilization has intensified research into thermoelectric materials capable of directly
converting waste heat into useful electrical power. Among the numerous classes of
thermoelectric materials investigated over the past several decades, oxide materials have
emerged as the most promising categoryof novel thermoelectric materials because of their
remarkable thermal stability, oxidation resistance, environmental compatibility, mechanical
robustness, abundance of constituent element and non-toxicity. Hence making them highly
attractive for practical industrial energy recovery applications.

This review has demonstrated that the thermoelectricperformance of oxide materials is
fundamentally governed by the intricate relationship among crystal structure, electronic
transport, and thermal transport properties. Various oxide crystal systems such as wurtzite
structure of ZnO, perovskite architecture of SrTiOsand layered misfit structure of NaCoO4
exhibit distinctive electronic band structures and phonon transport characteristics that directly
influence their thermoelectric behaviour.

In summary, novel thermoelectric materials have evolve from relatively low-performance
thermoelectric materials into a highly strategic class of advanced functional materials for
next-generation energy technologies.Continued interdisciplinary research combining ceramic
technology, Solid-state physics, materials chemistry, electronic engineering, nanotechnology
and computational engineering is expected to significantly improve the efficiency and
commercial viability of oxide thermoelectric systems. With sustained scientific innovation
and technological development, oxide thermoelectrics are poised to play a major role in
global efforts toward cleaner energy production, improvedenergy efficiency, and

environmentally sustainable industrial development.
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