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SUMMARY 
Mg3(Sb,Bi)2-based compounds have recently attracted much attention regarding possible technological implementation due to their high TE performance boosted by employing novel strategies such as interstitial doping and grain boundary engineering. In addition to material development key strategies, in this review, we cover the significance of TE device parameters such as effective contact layer/diffusion barrier development, geometrical optimization, fabrication technology optimization (e.g., scalability, bonding/soldering) to realize high TE output power, conversion efficiency for power generation devices, and maximum cooling performance for TE refrigeration devices. To bridge the gap between laboratory research and industrial research for the implementation of Mg3(Sb,Bi)2-based TE devices, we discuss the role of thermal stability, mechanical stability, and chemical stability of TE materials during their operation followed by the challenges and future directions. 






This review article highlights strategies for improving the thermoelectric performance of Mg3(Sb,Bi)2-based TE materials. It covers the significance of the TE device parameters, including effective contact layer/diffusion barrier development, geometrical optimization, and fabrication technology. The challenges and future directions are also discussed regarding how to boost this emerging TE technology towards applications. 

THE BIGGER PICTURE  The myriad Internet of Things (IoT) sensors and devices require independent electrical power sources which can harvest energy from their surroundings. As one of the emerging energy harvesting technologies, solid-state devices based on thermoelectricity enable direct conversion between heat and electricity. Bismuth telluride-based compounds have reigned as the long-time champion thermoelectric (TE) materials and devices. However, the use of scarce Te has impeded the growth of this technology. Therefore, much attention has been paid to explore environmentally abundant TE materials with high performance. Mg3(Sb,Bi)2-based materials have a high TE figure of merit over unity in the broad temperature range of 300-773 K. This review focuses on a perspective that involves material development and extends to TE device parameters. It provides insight into crystal structures, electronic band structures, TE performance, and recently implemented innovative strategies like interstitial doping and grain boundary engineering of Mg3(Sb,Bi)2-based materials. Furthermore, it makes a comprehensive review of TE device parameters, including effective contact layer/diffusion barrier development, geometrical optimization, and fabrication technology. Finally, this review highlights key factors, challenges, and possible strategies that can be useful in boosting this emerging TE energy harvesting technology toward applications.   
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1. Introduction
[bookmark: _Hlk158295417][bookmark: _Hlk158295437][bookmark: _Hlk158294038][bookmark: _Hlk158295456]The development of sustainable green technologies is one of the factors that has become crucial to achieve worldwide net-zero emissions target 1–5. Furthermore, with the growth of Internet of Things (IoT) devices, there is an increasing demand for independent power sources that can capture energy from their surroundings effectively. Solid-state thermoelectric devices are potential candidates for thermal management by allowing direct conversion of heat into electricity and vice-versa 6–9. In recent years, there has been a notable emphasis on the development and advancement of high-performance thermoelectric (TE) materials to improve conversion efficiencies and push this technology toward implementation. The performance of TE materials is gauged by the dimensionless figure of merit which is defined as ZT =  , where α = Seebeck coefficient, σ = electrical conductivity,  = total thermal conductivity () and T= absolute temperature 3.
[bookmark: _Hlk158900216][bookmark: _Hlk158727239][bookmark: _Hlk158727302]Generally, the industrial commercialization of TE devices relies on bismuth telluride and its based compounds. However, the utilization of tellurium is constrained due to its toxicity and scarcity, posing challenges in developing sustainable and environmentally friendly thermoelectric materials and devices. To advance the TE energy conversion technology, these constraints need to be overcome by the investigation of alternate efficient TE materials and the development of novel strategies to surpass the performance of bismuth telluride. Thus, there are a lot of efforts being made regarding the development of environmentally friendly TE materials. Recently, Mg3(Sb,Bi)2-based compounds have become promising TE materials with excellent performance for cooling and power generation applications10–14. The influence of crystallographic properties, electronic band structure, and lattice dynamics is critical to optimize the thermal and electrical transport properties of TE materials15. Notably, the Mg3(Sb,Bi)2-based compounds exhibit predominantly intrinsic p-type behaviour16–20. Because of the single valence valley with low carrier mobility at Brillouin center, the power factor (S2σ) of hole-doped Mg3Sb2 is poor, making it not a good p-type TE material despite the low lattice thermal conductivity 21–23. In comparison, n-type Mg3Sb2 was found to exhibit very promising TE performance due to the larger band degeneracy and much higher carrier mobility 24–26. In 2016, Tamaki et al.  achieved high TE performance in n-type Te doped-Mg3Sb2-xBix by adding extra Mg to compensate for the Mg vacancies 24. However, Zhang et al.  reported the n-type conduction in Mg3Sb2-xBix with Te doping alone25. Once n-type conduction was successfully developed in this system, researchers started focusing on further enhancing the TE performance in n-type Mg3(Sb,Bi)2. Outstanding results in these compounds have been achieved within the temperature range of 300-773 K by adopting various strategies. Those strategies such as doping 27, band engineering28, and alloying29, are discussed in this review. In addition to these advancements, it is also critical to control the microstructure of TE materials to achieve excellent performance. Thus, this review also describes the manipulation of microstructure by grain boundary engineering using various process such as spark plasma sintering, annealing, and their influence on TE characteristics10,30. 
Therefore, this review further highlights the major parameters such as the importance of diffusion barrier/contact layers, geometry, thermal and chemical stability, and several critical aspects that impact the performance of TE devices based on n-type Mg3(Sb,Bi)2. We emphasize the need for scalable, development of cost-effective TE materials and devices. Finally, this article discusses the next obstacles and potential solutions for accelerating the implementation of promising TE energy harvesting technology.
2. Mg3(Sb,Bi)2: A potential candidate for TE applications 
2.1 [bookmark: _Hlk161923869]Crystallographic properties
	The crystal structures play a crucial role in determining the electronic band structure and lattice dynamics, which can influence the electrical and thermal transport properties of TE materials. Zintl Mg3(Sb,Bi)2 compound crystallize in a trigonal CaAl2Si2 -type structure with the space group of Pm1 (space group number of 164)34. The crystal structure of Mg3(Sb,Bi)2 alloys (Figure 1A) forms by octahedrally coordinated cation layer Mg2+ and tetrahedrally coordinated polyanion (Mg2Sb2)2-. A nearly isotropic three-dimensional (3D) chemical bonding network is formed with an interlayer bond which is primarily ionic and partially covalent. The presence of ionic and covalent bonds provides promising TE properties i.e., rich in electrical and thermal transport properties35,36. Furthermore, the material can produce different solid solutions over a wide compositional range due to the existence of two different types of Mg atoms occupying octahedral and tetrahedral positions. This characteristic offers opportunities to finely control and manipulate the electrical and thermal transport properties of the material.
2.2  Electronic Band Structure 
A complete understanding of charge carrier transport is provided by the band structure features such as the number of degenerate bands, effective mass, and band gap.  Mg3Sb2 has been calculated to be an indirect semiconductor with a band gap of around 0.41 eV while Mg3Bi2, was discovered to have a band overlap between the valence band maximum (VBM) and the conduction band minimum (CBM), indicating its topological nodal line semi metallic character 37–39. However, the band gap was estimated between 0.4 and 0.7 eV 24,25,40,41 for Mg3Sb2 using different computational techniques. The band structures of Mg3Sb2 and Mg3Bi2 are shown in Figure 1B31 , which demonstrates that the valence band maximum (VBM) at Γ point is primarily impacted by the p-orbitals of both Mg and Sb/Bi atoms. In Mg3E2, the crystal field effect causes the pz-orbital to separate from the px- and py-orbitals, leading to a single valence valley at Γ point. Therefore p-type shows lower TE performance than n-type for Mg3Sb2-xBix based materials.
The conduction band minimum (CBM) being located at a low-symmetry point (U*) inside the ΓALM plane of the BZ, which exhibits six-fold degeneracy (NV = 6), leads to high band degeneracy in this compound. The increased band degeneracy in CBM improves the TE performance as ZT is proportional to μNvmb*3/2/κlat 42,43 where μ = carrier mobility and mb∗ = single-band effective mass. The favourable n-type electronic transport seen in Mg3Sb2-based materials has also been thoroughly examined and it has been found that the complex Fermi surface, which is mostly made up of six conducting electron pockets, is the root cause of behaviour. Conduction band minimum (CBM) near the CB1 point induces these electron pockets, which contributes to the improved n-type behaviour. 
[bookmark: _Hlk158975879][bookmark: _Hlk158985344][bookmark: _Hlk158985157]Optimization of electronic band structure is equally important to enhance TE performance as it related to carrier effective mass and alignment of semiconductor band edges. Therefore several studies demonstrated the optimization of electronic band structure of Mg3(Sb,Bi)2based materials using computational method44,45. Furthermore, this active learning has also been used to examine atomistic configurations46, deformation potentials and scattering rates, for analysing transport properties47. For instance, Zhang et al. studied behaviour of conduction band, effective mass, and Fermi surface on alloying Bi in Mg3Sb2-xBix (x = 0,1,2) using first principles calculation29. They showed that Seebeck coefficient and density of states effective mass decreases, with increasing Bi concentration. In contrast decreased effective mass improves mobility which resulted in enhanced power factor for Mg3BiSb compared to Mg3Bi2 and Mg3Sb2.  Additionally, weaker Mg-Mg ionic interactions caused by the addition of Bi at the Sb site result in a more dispersive CBM. Moreover, recently, Zhang et al. used first principles based tight-binding model to demonstrate the importance of both high energy Mg-p orbital and lower energy Sb-s orbital in the electronic structure of Mg3Sb2 with understanding the shape of the lowest conduction band and its change upon alloying15. In general, large advancements have recently been made regarding machine learning48–52, artificial intelligence53,54, and data-driven approaches55 and it is hoped that specific strategies can be further applied to the high performing Mg3(Sb,Bi)2based materials.”
2.3 Lattice dynamics
The promising TE performance of Mg3(Sb,Bi)2 is greatly influenced by its intrinsically low lattice thermal conductivity. Both single-crystalline and polycrystalline Mg3E2 exhibit κlat less than 2 W m-1 K-1 at room-temperature27,56–58. Interestingly, a simple crystal structure with relatively low density such as Mg3(Sb,Bi)2 exhibits a low κlat which is comparable to that of the traditionally used TE material, Bi2Te3, with more complex structure and heavy constituent elements 27,57. The origin of this surprising characteristic can be attributed directly to the strong vibrational anharmonicity and softened acoustic branches. Phonon band structure of Mg3Sb2 taken from reference 33 is present in Figure 1C where thickness of colour lines shows the degree of anharmonicity. The low-frequency acoustic phonons in particular show significant anharmonicity. Based on experimental κlat and taking the three-phonon scattering mechanism into account, the Grüneisen parameter of Mg3Sb2 is calculated to be 1.83, which is higher than other good low κlat TE materials, revealing strong anharmonicity 33. Another reason for the low thermal conductivity for the Mg3Sb2 compound is due to the small average phonon group velocity (2587 m s-1) 33. One insight into lowering κlat can be the introduction of heavier elements.
3 Tailoring TE performance of Mg3(Sb,Bi)2-based materials
The crystal structure, phonon structure and band structure discussed in above section, illustrates why Mg3(Sb,Bi)2 has been regarded as a potential TE material. Furthermore, different strategies (shown in Figure 2) including band engineering, doping, nano-structuring, and grain boundary engineering have been investigated to improve the TE performance of Mg3(Sb,Bi)2  10,11,59–62. Recent advancement in ZT of these materials shows its potential to replace the commercially used TE materials.  The forth coming sections describe the importance of these implemented strategies in the Mg3Sb2-xBix-based system. 
3.1 Band Engineering
[bookmark: _Hlk155355145]Band structure engineering has become a widely employed technique to enhance the power factors of TE materials. This improvement is achieved through various methods such as creating solid solutions, chemical doping, and introducing point defects41,59,68. Among these modifications, band convergence is considered particularly effective in enhancing TE performance. Band convergence occurs when two bands in the material come together with an energy difference lower than 2kBT, where kB = Boltzmann constant. This leads to an increase in band degeneracy (Nv) and enhances the Density of States (DOS), effective mass (m*) without adversely affecting the carrier mobility (μ) 69. Consequently, the Seebeck coefficient can be improved at a certain carrier concentration while keeping the electrical conductivity unaffected. 
[bookmark: _Hlk155355407][bookmark: _Hlk155355445]By noting the importance of band engineering, the alloy composition of Mg3(Sb1-xBix)2 has been fine-tuned to achieve this significant improvement in many studies32,57,70. Therefore, the optimization of the proper Bi/Sb ratio in this material has been more focused on. There is another possibility of tuning the band structure by alloying with the As on the anion-site71. Furthermore, enhanced band degeneracy was achieved by applying bi-axial engineering, doping of Te or Se at anion site and Ca, Y, Sr, Ba, Er, Tb, Zn or Eu at cation site in p or n-type Mg3Sb2-xBix system25,40,41,59,68,72–75. Apart from this, TE performance of p-type Mg3Sb2 was enhanced by modifying band gap structure through Ag doping and Bi alloying at cationic and anionic-site respectively61.  
3.2 Doping 
Optimizing carrier concentration plays a key role for improving thermoelectric performance, as it is directly related to two critical parameters: the Seebeck coefficient and electrical conductivity which affect ZT. The optimization of carrier concentration and mobility can be done by doping with suitable dopants.  Various dopants have been used for doping or co-doping at cation and anion site in Mg3Sb2-xBix system76–78. 
3.2.1 Anion and cation site doping
The promising dopants at anion site for n-type thermoelectric materials based on Mg3Bi2 and Mg3Sb2 are generally chalcogen i.e., Te, Se, or S27,60,75,79,80. The decrease of electronegativity between these chalcogen and Mg make them efficient dopant which attributed to increased carrier concentration and mobility76. Mostly Te used as effective doping element for improving the TE performance of these material because of its beneficial high solubility without formation of any secondary phase. Moreover, optimization of TE performance in these materials has also been achieved by using Se as an efficient dopant81. While for p-type, Sn, Pb, Ge are proven to be efficient dopants at anion site in Mg3(Sb,Bi)2 20,77,82 . 
Doping with lanthanide at cation site was shown to have potential in increasing carrier concentration with coarse grains which secure high mobility in n-type Mg3Sb2-based materials83,84.  It is noted that La-doping at cation site i.e., Mg3.2-yLayBi1.5Sb0.5 also helps in depressing the interstitial oxygen84.  Other than lanthanides, co-doping of transition metals Mn, Nb, Mo, Fe, Co, Hf, Ni and Ta at cation site and Te or Se at anion site has been realized intriguing approach for enhancing mobility by converting low temperature ionization scattering to mixed scattering with enhanced thermal stability65,75,85,86. Recently, Yu et al.  showed theoretically that cation doping of Er and Tb in Mg3.2Sb1.5Bi0.5 enhances electrical conductivity and reduces lattice thermal conductivity87. It is noteworthy to mention that Mn doping enhances the TE properties as well as thermal stability due to strong interaction between Mg-Mn atoms compared to Mg-Mg atoms 88–90.  However doping Y at cation site resulted a maximum ZT of ~ 1.87 at 773 K benefiting from enhanced carrier concentration ~ 7.7 × 1019 cm-3 in Mg3.18Y0.02Sb1.5Bi0.49Se0.0163. To summarize, doping with certain transition metals has led to high ZT with improved thermal stability, which is important factor for working TE device more efficiently over long hours. 
Substitution of Mg (cation-site) by Li, Zn, Mn, Cd, Ag, Yb and Na in p-type Mg3(Sb,Bi)2 was performed to increase the hole concentration, and mobility of p-type Mg3(Sb,Bi)2 compounds16,17,91–101. Moreover, co-doping at Mg-site with multi dopants are gaining much interest to simultaneous enhancing carrier concentration and phonon scattering in p-type Mg3(Sb,Bi)2-based materials64,101. For instance, Tiadi et al. achieved a peak ZT ~ 0.8 at 675 K for Mg2.975Na0.02Ag0.005Sb2 sample through co-doping 64. Recently, it was found that Cd alloying in p-type Mg3Sb2 behaves as a distinct role of weakened chemical bonds and lattice instability, leading to a high ZT ~ 0.76 at 773 K.102
3.2.2 Interstitial doping

Significant improvement in TE performance has been realized by interstitial doping 11,103,104  (Figure 3A-C). Theoretically Gorai et al. performed DFT calculations on interstitial insertion of Li, Zn, Cu, and Be which can lead to high TE performance of Mg3(Sb,Bi)2 103. Further experimentally, Liu et al. achieved a significant advancement in TE performance of n-type Mg3(Sb,Bi)2 materials by adding minor Cu at the interstitial-site11. The introduction of Cu atoms in the interstitial sites led to a significant modification of phonon modes. This modification involves filling in the phonon gap and inducing increased anharmonic phonon scattering, leading to an unexpected reduction in thermal conductivity. Furthermore, through the process of grain-boundary engineering, the undesirable effect of thermally activated electrical conductivity was eliminated through grain growth and the formation of a wetting phase at a triple junction as shown in Figure 3B11. The interplay of these two crucial roles significantly contributed to the enhancement in ZT ~ 1.9 at 773 K for Mg3.2Sb1.5Bi0.49Te0.01Cu0.01. Inspired by this work Yang et al.105investigated the effect of different Cu concentration on TE performance of Mg3.4Sb1.5Bi0.49Te0.01 matrix. In addition, multiple transition elements Cr, Mn, Fe, Co, Cu were also used as interstitial dopants in Mg3Sb1.5Bi0.5106. Consequently, a high ZT ~ 1.85 was realized at 773 K and with enhanced mechanical properties due to random distribution of these elements106. Recently, a robust structural and thermoelectric performance is achieved by manipulating intrinsic migration activity of Mg by precisely incorporating Ni at the interstitial site104. The maximum ZT ~ 1.2 at 500 K was obtained in Mg3.2Bi1.49Sb0.5Te0.01Ni0.04, which is ascribed to the significant reduction in the Mg migration barrier and enhanced kinetic immobilization of Mg (Figure 3C). This is mainly attributed to the thermodynamically preferential occupation of Ni at the interstitial-site supported by the DFT. 
3.3 Grain Boundary Engineering 
[bookmark: _Hlk158892861]Although n-type Mg3(Sb,Bi)2-based compounds exhibit high ZT at high temperatures (~700 K), the Mg loss or deficiency at grain boundaries, which was confirmed by atom probe method, generates thermally activated grain boundary resistance107. Condron et al. investigated in detail the presence of oxygen at grain boundaries and degradation of Mg3(Sb,Bi)2 at higher temperature (i.e., 700 K) which is due to loss of Mg by oxidation 18. The presence of thermally activated grain boundaries results in low mobility at low temperature which limits their efficiency for cooling applications. To solve this issue, different strategies have been adopted which are illustrated in the coming section and the effect on microstructure from these strategies shown in Figure 4.
3.3.1 Annealing process
Wood et. al.  developed unique Mg-vapor annealing process that not only enhances the grain size of the sample but also keeps its n-type carrier concentration stable 30. Another benefit of this technique was realized in increasing thermal stability through supressing the Mg loss in n-type Mg3(Sb,Bi)2-based materials for practical applications111. This discovery supports the hypothesis that resistive grain boundaries predominantly control temperature-activated mobility in Mg3(Sb,Bi)2 materials. The observed Hall mobility of electrons in annealed 800 °C sintered Mg3+xSb1.49Bi0.5Te0.01 reaches 170 cm2V-1s-1, which is the one of the higher mobility values in these compounds30. A sample with a grain size greater than 30 µm has a ZT value of 0.8 at 300 K, which is equivalent to commercial TE materials used at room temperature (such as n-type Bi2Te3 (~120 cm2V-1s-1)112. Another effect of annealing has been realized for composition Mg3+xBi1.5Sb0.5 in which Bi-rich region was found at grain boundaries which might have multiple influence on thermoelectric properties108. The saturation annealing is found as an efficient route to minimize these grain effects. Figure 4A shows that annealing at high temperature, decreases the size of Bi-rich inter-granular phase with increasing grain size through formation of eutectic phases within the matrix108. The matrix become more homogenous by reducing the volume fraction of Bi-rich phases on annealing. 
3.3.2 Tuning of Sintering temperature 
Elimination of grain boundary resistance was realized by tuning the sintering temperature. Grain growth with increasing sintering temperature was observed for Mg3(Sb,Bi)2-based materials10,113. For instance, the average grain size was increased in B-doped n-type Mg3Sb2 based compound and Cu- added Mg3.2Bi1.5Sb0.48Te0.002 samples by tuning the sintering temperature from 973 K - 1093 K and 723 K- 1073 K respectively10,113. The impact of changing sintering temperature on microstructure of Cu-added Mg3.2Bi1.5Sb0.48Te0.002 samples can be observed in Figure 4B. Thus, by implementing the microstructure engineering, ZT boosted to 1.15 at 350 K in Cu-added Mg3.2Bi1.5Sb0.48Te0.002 by sintering at 973 K10. 
3.3.3 Doping by metallic elements
Another approach to reduce the grain boundary effect is substitution of Mg with metals such as Fe, Hf, Ta, Nb and Mo which improves the low temperature mobility by reducing the ionized scattering65,86,89,114. For example, Shuai et al.  demonstrated a notable enhancement in the carrier mobility of Mg3.2Sb1.5Bi0.49Te0.01 at room temperature, increasing it from 19 cm2 V-1 s-1 to 77 cm2 V-1 s-1, by incorporating 10% Nb in place of Mg 114. However, Luo et al. showed that Nb does not dissolve into the matrix after being added to Mg3Sb2 and instead stays in a metallic state 109. The carrier scattering process in matrix is unaffected by the inclusion of Nb109. Instead, it has a considerable effect on grain boundaries (GBs), wetting the GBs so that the average grain size increases and the GB resistivity decreases (Figure 4C)109. 
3.3.4 Synthesis by tantalum-sealing and in hot press by deforming/fusing ingot pieces
Shi et al. realised enhanced carrier mobility in n-type Mg3Sb2-based materials which made possible through advancements in synthesis techniques, such as tantalum-sealing, and hot-pressing methods that involve deforming and fusing large pieces of ingot materials to obtain coarse grains with minimal oxidation as shown in Figure 4D 110. Consequently, Mg3Sb2-based materials demonstrate the most competitive ZT, among all known n-type TE materials, rivalling the performance of commercialized Bi2Te3 in the temperature range of 300–500 K. These findings suggest that Mg3Sb2-based materials have the potential to serve as a sustainable alternative to Bi2Te3 thermoelectric.
3.4 Nano-structuring and Nano-composite
Nano-structuring and nanocomposite117 approach has been realized as an effective approach in boosting ZT value by lowering the lattice thermal conductivity through enhanced phonon scattering as shown in Figure 567,116. This approach proposes that enhancing ZT can be achieved by utilizing nanoscale-sized grains or nanostructured morphologies of the materials. Nano-structuring in Mg3(BixSb1-x)2 alloys was done by employing high energy mechanical milling-induction melting-melt spinning (MS)-spark plasma sintering (SPS) method which showed significant reduction in thermal conductivity23,116. The reduced thermal conductivity through this approach boosted ZT~ 0.94 at 773 K for p-type bulk nano-structured Mg3(BixSb1-x)2 materials23.  Researchers also adopted nanocomposite approach to lower the thermal conductivity of this material. For example, Bhardwaj et al. achieved a ZT ~ 1.35 at 773 K for p-type Mg3Sb1.8Bi0.2/GNS (Figure 5A) which is attributed to simultaneously enhanced electrical conductivity and reduced thermal conductivity67. Other than this, multiwalled 0.5wt%CNT-Mg3(Sb,Bi)2- composites based on this approach exhibited ZT~ 1.5 at 573 K which is attributed to significantly reduced thermal conductivity and maintained power factor118. Recently, ZnSb-4%Sb composite was added into the p-type Mg3Sb2 host matrix using cold pressing followed by evacuating-and-encapsulating sintering119. Adding Zn/Sb, improves carrier concentration and mobility thus led to maximum ZT~0.58 at 710 K for Mg1.91Zn1.09Sb2/Sb composite119. Another example of this approach was demonstrated by synthesizing Mg2Sn/Mg3Sb2 high-content nanocomposites (HCnC)115 (Figure 5B). A significant reduction in lattice thermal conductivity 1.1 W m–1 K–1 near room temperature was observed (Figure 5F). This value is 80% lower than that of pure Mg2Sn and 25% lower than pure Mg3Sb2. Consequently, the HCnC demonstrated a high ZT ~ 1.13 at 773 K. Shu. et al.  presented a method to adjust thermal conductivity by manipulating hierarchical structural aspects of nanoprecipitates, such as composition, phase, and morphology 66. By employing a local co-melting strategy between Bi and Ge in polycrystalline bulk Ge-doped Mg3.2Sb1.5Bi0.5, they created Janus nanoprecipitates with distinct masses, enabling efficient scattering of a broader range of phonons and enhancing TE properties at low and intermediate temperatures for n-type Mg3.2Sb1.5Bi0.5 material.66. The co-precipitation process during sintering and cooling is illustrated in schematic Figure 5C-E 66. The ZT ~ 1.6 at 773 K was achieved by this strategy. Recently, ferromagnetic CrTe was introduced into Mg3(Sb,Bi)2 matrix by Huang et al. and achieved enhanced TE performance through utilizing thermo-electro-magnetic coupling 120. The secondary phase CrTe promotes, carrier concentration by injecting the electron, Seebeck coefficient through magnetic phase transition and phonon scattering through CrTe phase. Therefore, the maximum ZT~ 1.1 at 587 K was achieved for 0.35 wt % CrTe/Mg3.4Bi1.5Sb0.5 composite120.   
4 Challenges in materials development for practical applications
Mg3(Sb,Bi)2-based thermoelectric (TE) materials have garnered significant interest owing to their enhanced TE performance through innovative strategies. Despite progress in their thermoelectric performance, practical application of these materials faces challenges. The following section discusses these challenges and future directions. 
4.1 Compositional stability
High Mg vapor pressure results in significant loss, particularly in large-scale materials development, affecting precise composition control. This might lead to compositional inhomogeneity, which can affect TE properties in large-scale developed samples. Thus, emphasizing the necessity for further investigation with novel material processing strategies to prevent and/or compensate the Mg loss, enhancing overall chemical composition control and reproducibility in materials development. 

4.2  Thermal stability
Thermal stability is another challenge in utilizing these materials for practical applications. Recently, thermal stability issues related to Mg3(Sb,Bi)2-based TE materials have been investigated by high-temperature X-ray diffraction111,121. These studies revealed precipitation of Bi and/or Sb with increasing temperatures above 500 K, which leads to degradation of TE performance of Mg3(Sb,Bi)2-based compounds. Also, it was observed that an evolution of secondary Sb/Bi phase is less significant in the Mg3(Sb,Bi)2 bulk samples as compared to powder samples, which confirms the kinetic effect111. Several proposals such as introducing MgB2122, cation-site doping with heavy elements La123,  Y124, and Yb125, and transition elements126, co-doping of Co and Er127, coating the BN layer128, and a combination of Mg vapor annealing and surface coating have been made for improving thermal stability of Mg3(Sb,Bi)2-based compounds. 

4.3  Performance matching of p-type and n-type materials
The mismatch ZT values between p-type and n-type materials at respective temperature in Mg3Sb2-based compounds significantly hinder their potential applications. Though MgAgSb compound shows as a promising p-type Mg-based TE material and compatibility with n-type Mg3(Sb,Bi)2 in device fabrication 129, however its large-scale utilization is hindered by the high cost of silver (Ag).  Therefore, we need to pay much attention in developing cost-effective high performing p-type Mg3Sb2-based for future advancements in this field. Addressing this challenge involves achieving a breakthrough in the precise manipulation of the Fermi level and the design of band and phonon structures. 92

5 Thermoelectric power generation and cooling using Mg3(Sb,Bi)2-based materials.
	Thermoelectric power generation and cooling devices convert thermal energy into electrical power and vice-versa. These devices are based on the principles of Seebeck effect and Peltier effect, respectively. A typical TE generator/cooler mainly composed of n- and p-type TE materials arranged electrically in series and thermally in parallel (Figure 6A). Metallic bridges, known as ‘interconnects’/’electrodes’ are used to connect the TE materials. The structure is typically sandwiched between ceramic substrates to provide structural rigidity while ensuring a good heat flow through the device. 
The conversion efficiency () of a TE power generation device is defined as the ratio between electrical output power (P) and the heat input (Qin) given to the TE device, which is represented by
	(1)
The power output is measured directly from the V-I characteristics, while the measurement of heat input at the hot-side of TE devices is practically difficult due to heat losses. In practice, the Qin is estimated indirectly from the output heat flow (Qout) to obtain the conversion efficiency (eq.2) accurately. 
 	(2)
The Qout measurement is mostly carried out using heat flow meter method, which consists of a reference block of known thermal conductivity (κref) and cross-sectional area (Aref). The temperature difference (ΔTref) on the reference block at different locations (Lref), measured using thermal sensors, is used to estimate the Qout using the Fourier equation given by:
	(3)
Theoretical maximum conversion efficiency (max) of the TE device using the material’s average TE figure of merit (ZTavg)130 is given by
		(4)
where Th, Tc are the hot and cold-side temperatures respectively. 
The coefficient of performance (COP) of TE Peltier devices is defined as the ratio between the heat absorbed (Qc) and the supplied electrical power (P), which is given as 130 

Theoretical maximum coefficient of performance (COPmax) of  TE device using the ZTavg, expressed as: 

From eq. (4) and (6), both themax and COPmax improvement mainly depends on the material’s ZT. The advancement of materials by enhancing the ZT using various strategies for the Mg3(Sb,Bi)2- based compounds was discussed in the previous sections. The experimentally observed max and COPmax are limited from the theoretical estimations due to electrical and thermal resistances at several contact layers present inside the TE device (Figure 6A). A careful design of the contacts with an optimized geometry is thus necessary to achieve the maximum device performance practically. In the following sections, we will discuss the recent developments on the contact layers/diffusion barriers, geometry optimization, and the power generation and cooling characteristics of TE devices fabricated from Mg3(Sb,Bi)2-based compounds.  
5.1 Contact layers/diffusion barriers 
In recent years, the Mg3(Sb,Bi)2–based materials have been showing much improved TE performance. However, the advancement of device development is not spurred in comparison to the materials development due to the various challenges at the interfaces between the TE materials, contact layers, and electrodes131–134. The main challenges at the interfaces are the high electrical and thermal contact resistances, interatomic diffusion, and cracks formation when the TE device is exposed to high temperatures (Figure 6B). A relationship between material’s average ZT (ZTavg) and device ZT (ZTD) is given as135 
		(7)
where L, σ and c are length, electrical conductivity, and electrical contact resistivity of TE materials, respectively. Thus, the contact layer with low c (ideal c  10-10  m2) is highly desirable to transfer the material’s performance into the device performance 131,132. There is a possibility of chemical reaction/interatomic diffusion between the contact layers, TE materials and electrodes at the hot side of the TE device, leading to TE performance deterioration. Therefore, an effective diffusion barrier/contact layer for TE materials is essential to achieve high TE performance. Also, the coefficient of thermal expansion (CTE) mismatch between the TE material, contact layer, and the electrode can induce thermo-mechanical stresses, which affect the bonding strength and stability (Figure 6B). In the following sections, we discuss the development of interface materials for recently emerging high-performance Mg3(Sb,Bi)2-based TE materials. 
5.1.1 Fabrication of the contact layers 
There are various methods available for fabricating the contact layers on TE materials such as hot pressing/SPS method, soldering/brazing, magnetron sputtering, electroplating, transient liquid phase sintering, etc.132 Among them, one-step hot pressing/SPS is the most used technique for fabricating (Mg3(Sb,Bi)2) TE material with contact layers (Figure 6C). In this method, Mg3(Sb,Bi)2 is sandwiched between contact layers, followed by sintering at high temperatures with an applied pressure to obtain dense TE legs. Fe is a widely used contact layer for fabricating Mg3(Sb,Bi)2 TE legs 11,136–138  . Moreover, this method was used for contact layers 304SS 65,139, Ni 57,140,141, Ni-Fe142, Mg2Cu143, Nb144, Mg4Sb3Ni145, Fe7Mg2(Ti, Cr)146, FeCrTiMnMg147, etc. to fabricate Mg3(Sb,Bi)2 TE legs.  
5.1.2 Metals as diffusion barrier/contact layers
Several metals (Fe, Ni and Nb) were explored as contact layers for Mg3(Sb,Bi)2-based compounds (Table 1). Low c values in the range of ~2.5  1010  m2–26.6  1010  m2 for Fe and Mg3(Sb,Bi)2-based128,136–138,148 compounds were reported. However, a significant increase in c of ~60  1010  m2 was realized after TE device operation, indicating the presence of interdiffusion and/or chemical reaction137. Moreover, the CTE difference between Fe (~ 16  106 K1) and Mg3(Sb,Bi)2-based TE material (ranging between ~21.2  106  K1 and 23.7  106  K1 depending on146,149 composition) is relatively high. In another study, rapid screening of diffusion barriers with metals (W, Nb, Ni, Mo, Fe, Ti, Cr, Cu) was conducted for testing elemental chemical reactions or diffusion after aging at 773 K for 360 h 144. Among them, Nb showed a relatively larger chemical inertness than the other metals. The c of 9.7  1010  m2 was obtained, which increased to 26  1010  m2 after thermal aging at 773 K for 360 h. Ni was also explored as a contact layer for these compounds57,140,145. Wang et al.145 reported that the c of 18.56  1010  m2 was obtained at the interface of Ni/Mg3.2Sb2Y0.05 and the c value increases about 700% after aging at 673 K. The increase of c is mainly attributed to chemical reaction/interdiffusion, and chemical composition variation at the interfaces. Recently, Qu et al. 150 reported the interfacial layer optimization for Mg3(Sb,Bi)2 compounds by replacing the contact layer from Fe powder to Fe foil, which resulted in a low c of ~3.4  1010  m2 for the Fe foil/Mg3.2Mn0.02Sb0.5Bi1.495Te0.005 due to the prohibited diffusion of Mg and Bi. In addition, several metallic alloys are explored as diffusion barrier/contact layer materials for improving contact resistivity at the interface between Mg3(Sb,Bi)2-based compounds and electrodes, which is discussed in the following sections.
5.1.3 Metallic alloys as diffusion barrier/contact layer material 
Stainless steel (304SS) was explored as an effective contact layer for Mg3.2Sb1.5Bi0.49Te0.01 as compared to Fe 139. Benefiting from lower CTE mismatch between TE material (23.8 106 K1 between 300 K and 700 K) and 304SS (~18.9 106 K1 between 300 K and 700 K), lower interatomic diffusion of elements at interfaces led to a low c of  ~5.4  1010  m2 at Mg3.2Sb1.5Bi0.49Te0.01/304SS, which is smaller than the c of  ~16  1010  m2 for Mg3.2Sb1.5Bi0.49Te0.01/Fe. In addition, a low contact resistivity (c ~11.7  1010  m2) and good mechanical stability (shear strength of ~32 MPa) was realized for Mg3.2Sb1.5Bi0.49Te0.01/304SS after thermal aging at 523 K for 400 h, which is superior to Mg3.2Sb1.5Bi0.49Te0.01/Fe (c ~ 50.6  1010  m2 and shear strength of ~ 19.7 MPa) 139. The contact layers of NiCrFe, NiCr, and NiFe were used for Mg3+δBi1.5Sb0.5 142,151. Among these, the NiFe exhibits c of ~13  1010  m2 and good thermal stability after aging at 573 K for over 2100 h. This is mainly attributed to the formation of a buffer phase NiMgBi between NiFe and Mg3+δBi1.5Sb0.5 layers that can effectively prevent elemental diffusion. In another study, a buffer layer of Mg4.3Sb3Ni was formed due to the reaction between Ni and Mg3.2Sb2Y0.05145. Thus, Mg4.3Sb3Ni was used as a contact layer for Mg3.2Sb2Y0.05. Consequently, a low c of ~ 10  1010  m2 and shear strength of ~23 MPa for the Mg4.3Sb3Ni/Mg3.2Sb2Y0.05 was maintained after aging at 673 K for 20 days, which is due to the controlled interfacial diffusion and reduced interfacial stress. A binary alloy of Mg2Cu was identified as a suitable diffusion barrier for Mg3.2Bi1.4975Sb0.5Te0.0025 because Mg2Cu (i) is thermodynamically stable in the region of Mg-Mg2Cu-Mg3Sb(Bi)2, which can prevent diffusion of Cu into Mg3(Sb,Bi)2 (ii) has a low melting point (853 K) can be easily sintered at low temperatures and avoid TE properties degradation (iii) has good CTE match with that of Mg3Sb(Bi)2143. As a result, a low c of ~ 12  1010  m2 was estimated for Mg3.2Bi1.4975Sb0.5Te0.0025/Mg2Cu and showed good thermal stability. 
Most of the contact layers studied above were investigated based on CTE match, and diffusion passivation by utilizing available metals and metallic alloys. Recently, Wu et al. suggested a general alloying approach for finding suitable contact layers for Mg3(Sb,Bi)2 compounds by sequential optimization of (i) bonding strength (σs), (ii) bonding strength and contact resistivity (c), (iii) bonding strength, contact resistivity, and thermal stability 146.  In this approach, Fe was selected as a matrix element from 15 elements (Mg, Ti, V, Nb, Cr, Mo, W, Mn, Fe, Co, Ni, Cu, Ag, Zn, and Al) considering the high σs and low c. Two types of ternary alloys Fe7Mg2Cr and Fe7Mg2Ti were found as effective contact layers for Mg3.2 Sb1.5Bi0.49Te0.01Mn0.01 using the principles of high bonding propensity, good CTE match, diffusion passivation, and dopant inactivation. The interfaces Fe7Mg2Cr/Mg3.2Sb1.5Bi0.49Te0.01Mn0.01 and Fe7Mg2Ti/Mg3.2Sb1.5Bi0.49Te0.01Mn0.01 exhibits low c < 5  1010  m2 and high σs >40 MPa. The c and σs were maintained at < 10  1010  m2 and >30 MPa, respectively after aging at 673 K for 15 days. Although, these are relatively better than previously reported contact layers, a noticeable decrease of σs and increase of c after aging is possibly due to CTE mismatch between the contact layers (~16.5  106 K1 for Fe7Mg2Ti and ~17.4  106 K1 for Fe7Mg2Cr) and the TE material (~23.7  106 K1). To reduce the CTE mismatch, multi-elements Fe0.2Mg0.2Cr0.2Ti0.2Mn0.2 alloy (~21  106 K1 for Fe7Mg2Ti) was developed using the above approach147. Additionally, improved thermal stability was realized at the interfaces which is supported by an in-situ transmission electron microscopy (TEM), invariant electrical contact resistivity, and power generation characteristics. It is noteworthy to mention that c values depend on the chemical composition of Mg3(Sb,Bi)2 TE materials151, thus the focus on the development of suitable contact layers for various compositions is necessary to realize high TE device performance.
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Table 1: Chemical composition, electrical contact resistivity, and maximum conversion efficiency (max) values for Mg3 (Sb,Bi)2 materials and devices with various contact layer materials.	Comment by 作成者: Table 1 is too long for the main text; please keep a subset of the table in the main text and then reproduce the full table as a supporting information file. Indicate in the caption that “the full table can be found in Supplemental Table S1”	Comment by 作成者: We simplified the table by keeping the most important information in the table. We want to keep this simplified table in the main text and we feel that there is no necessity to include the table in the supporting information. 
	Chemical composition
	Contact layer
	Fabrication method
	c
[1010 m2]
	max (%)
	Ref.

	Single-leg TE element

	Mg3.1Co0.1Sb1.5Bi0.49Te0.01
	Fe
	HP
	-
	10.6
(Th =773 K, Tc =373 K)
	138


	Mg3.2Sb1.5Bi0.49Te0.01
	304SS
	SPS
	~5.4-11.7
	~9
(Th =673 K, Tc =303 K)
	139

	Mg3.2Sb1.5Bi0.49Te0.01
	Fe/Ni
	HP, ED
	-
	~11.1
(Th =773 K, Tc =300 K)
	128

	Mg3.1Sb1.5Bi0.49Te0.01
	Ni
	HP, ED
	-
	~12.9
(Th =773 K, Tc =293 K)
	140
	Mg3.2Sb1.5Bi0.49Te0.01Mn0.01
	Fe0.2Mg0.2Cr0.2Ti0.2Mn0.2
	SPS
	4
	~13
(Th =773 K, Tc =278 K)
	147


	Mg3+δBi1.5Sb0.5
	NiFe
	HP
	~13
	
	142

	Mg3.2Sb2Y0.05
	Mg4.3Sb3Ni
	SPS
	~7.25
	
	145
	Mg3.2Sb1.5Bi0.49Te0.01Mn0.01
	Fe7Mg2Cr
Fe7Mg2Ti
	SPS
	2.5
2.8
	
	146

	Mg3.16Mo0.04Sb1.3Bi0.69Te0.01
	304SS
	SPS
	-
	12
(Th ~723 K, Tc ~298 K)
	65

	0.1Nb/Mg3Sb1.5Bi0.49Te0.01
	Fe7Mg2Cr
	SPS
	-
	15
(Th ~790 K, Tc ~320 K)
	152

	Mg3.3Sb1.49Bi0.49Te0.02
	Mg3.3Sb1.49 Bi0.49Te0.02+Ni
	HP
	43
	~10
(Th =662 K, Tc =332 K)
	141
	TE devices based on n-type Mg3(Sb,Bi)2 and p-type Bi2Te3

	Mg3.3Bi1.298Sb0.7Te0.002 (single pair)
	Fe
	HP
	-
	~9
(Th =573 K, Tc =308 K)
	148

	Mg3+δBi1.5Sb0.5 (single pair)
	NiFe
	HP
	-
	~6
(Th =448 K, Tc =298 K)
	142
	Mg3.2Sb1.5Bi0.49Te0.01Mn0.01 (2-pair)
	Fe0.2Mg0.2Cr0.2Ti0.2Mn0.2
	SPS
	4
	~6
(Th =573 K, Tc =278 K)
	147

	Mg3.2Mn0.02Sb0.5Bi1.495Te0.005 (7-pair)
	Fe foil
	SPS
	~3.4
	~7.1
(Th ~523 K, Tc ~293 K)
	150

	TE devices based on n-type Mg3(Sb,Bi)2 and p-type MgAgSb

	Mg3.3Bi1.298Sb0.7Te0.002 (2-pair)
	Fe
	FAST
	26.6
	~6.5
(Th ~548 K, Tc ~293 K)
	136

	Mg3.2Sb1.5Bi0.49Te0.01Cu0.01 (8-pair)
	Fe
	SPS
	-
	~7.3
(Th ~593 K, Tc ~278 K)
	11
	Mg3.6Y0.003Sb0.6Bi1.4 (2-pair)
	Fe
	FAST
	26.6
	~8.5
(Th ~548 K, Tc ~293 K)
	129

	Mg3.3Bi1.298Sb0.7Te0.002 (2-pair)
	Fe
	FAST
	26.6
	~8.2
(Th ~548 K, Tc ~293 K)
	129

	TE devices based on n-type Mg3(Sb,Bi)2 and other p-type CdSb, GeTe, CoSb3

	Mg3.1Y0.01SbBi
(8-pair, p-CdSb)
	Ni/Fe
	HP
	~12
	~8.2
(Th ~550 K, Tc ~280 K)
	137

	Mg3.05Y0.015SbBi
(8-pair, p-GeTe)
	Ni/Fe
	HP
	~15
	~10%
(Th ~600 K, Tc ~280 K)
	153
	Mg3.2Bi0.996SbSe0.004
(2-pair, p-CoSb3)
	Ni/Nb
	SPS
	9.7 – 26
	~9.1%
(Th ~748 K, Tc ~288 K)
	144
	Mg3.15Co0.05Sb1.74Bi0.75Se0.01 (single pair, p-GeTe)
	304SS
	SPS
	~7.55
	~14.5%
(Th ~773 K, Tc ~293 K)
	154
	Mg3.2Bi0.49Sb1.5Te0.01
(15 pair)
(GeTe)
	304SS
	SPS
	10
	~10.1
(Th ~826 K, Tc ~304 K)
	155

	Fully Mg3(Sb,Bi)2-based TE devices

	Mg1.594Yb0.2Na0.006Zn1.2Sb2 (single pair)
	Ni
	ED
	-
	~5.5
(Th ~573 K, Tc ~283 K)
	101
	Mg3.2SbBi0.996Se0.004
(8-pair)
	Fe
	SPS
	17.1 (n)
4.5(p)
	~7.5
(Th ~573 K, Tc ~283 K)
	156

	Segmented TE Device

	Mg3.3Bi1.498Sb0.5Te0.002/ Mg3.3Bi1.298Sb0.7Te0.002
(2-pair)
	Fe
	FAST
	26.6
	~7
(Th ~548 K, Tc ~293 K)
	136



HP: Hot pressing, SPS: Spark Plasma Sintering, FAST: Field Assisted sintering Technique, ED: Electrodeposition
Table 2: Chemical composition, electrical contact resistivity, and maximum cooling temperature values for Mg3 (Sb,Bi)2 materials and devices with various contact layer materials
	Chemical composition of n-type
	Material type
	Contact layer and/or diffusion barrier
	Fabrication method
	c 
[1010 m2]
	Maximum temperature difference (ΔT)
	Ref.

	Mg3.2Bi1.498Sb0.5Te0.002 (single pair)
	n
	Fe and/or Ni
	Hot pressing 
	-
	91 K (Th ~350 K)
	57

	Mg3.2Bi1.4975Sb0.5Te0.0025
(7-pair)
	n
	Cu/Mg2Cu
	SPS
	~12
	76 K (Th ~350 K)
	143

	Mg3.2Bi1.5Sb0.498Te0.002Cu0.01
(8-pair)
	n
	Fe
	SPS
	20
	56.5 K (Th ~373 K)
	10

	Mg3.6Y0.003Sb0.6Bi1.4
(2-pair)
	n
	Fe
	FAST
	26.6
	72 K (Th ~347 K)
	129

	Mg3(Sb,Bi)2
(7-pair)
	n
	Fe
	Hot-press
	-
	52 K (Th ~300 K)
	157

	Mg3.15Bi1.2475Sb0.75Te0.0025
	n
	Mg2Cu
	SPS
	13.5
	100 K ((Th ~400 K)
	14


5.2 Geometrical optimization 
To realize a high TE conversion efficiency and cooling performance, the optimization of geometrical factors such as the ratio of the cross-sectional area of p-to-n legs (Ap/An), and the ratio of leg height to the effective cross-sectional area of the p- and n- legs (H/A) are essential. 
 Bu et al. studied an effect on power generation characteristics of Mg3SbBi/CdSb-based TE devices by varying leg length (H) and fixing the An/Ap=1 because of similar TE properties of p- and n-type materials 137. Consequently, a TE device with a shorter leg height showed a lower specific power density and a lower conversion efficiency as compared to a TE device with a longer height. Ying et al. employed finite element simulations using TE properties of n- and p-type materials and evaluated max as a function of current, Ap/An, and height ratio of two n-type materials (Hn1/Hn2) in segmented leg136. The simulation results showed an optimization of Hn1/Hn2 and values are in the range of 0.75-1.75, whereas the influence of Ap/An is minimal on max. Fu et al. employed finite element simulations for finding the p-type materials with high max through geometrical optimization of Ap/An144. After finding suitable p-type TE material, a further optimization of H/A was performed to achieve optimal power generation performance. The simulation results revealed that max and maximum power density (Pd, max) show an opposite trend as a function of H/A with fixed Ap/An=1/3. Thus, TE device was fabricated with the H/A to be 0.5 mm-1 and Ap/An=1/3 by considering above conflicting parameters and the max loss is below 3%. Recently, Ying et al. studied the effect of the filling factor and number of leg pairs on the performance of Mg3(Sb,Bi)2 TE devices129. The filling factor (FF) is defined as the ratio between the cross-sectional area of TE legs to the area of the base substrate. In this study, radiative heat loss through the empty regions of the TE device was significantly suppressed by increasing the filling factor from 0.16 to 0.49 to 0.64. In addition, the electrical energy loss was suppressed by increasing the number of leg pairs (from 2 pairs to 8 pairs with FF=0.49) due to increased voltage. The suppression of thermal and electrical energy losses by geometrical optimization resulted in the high max of ~8.2% at ΔT of ~260 K.
5.3 Thermoelectric devices for power generation 
Recently, a dramatic transition has been realized from Mg3(Sb,Bi)2-based TE materials development to device fabrication. Here we review the recent progress on the conversion efficiency of the single-leg and multi-element TE devices. Figure 7 shows the max of Mg3(Sb,Bi)2-based TE single legs and devices for power generation.
5.3.1 Single leg-Mg3(Sb,Bi)2-based compounds
Themax values for Mg3(Sb,Bi)2-based single leg TE devices were listed in Table1 and shown in Figure 7. A first prototype Mg3(Sb,Bi)2-based TE single leg was demonstrated by Zhu et al. A max of 10.6% was reported at Th of 773 K for Fe/Mg3.1Co0.1Sb1.5Bi0.49Te0.01/Fe 138. Later, Yin et al. employed 304SS as contact material to Mg3.2Sb1.5Bi0.49Te0.01 and achieved max of 9% for 304SS/Mg3.2Sb1.5Bi0.49Te0.01/304SS at ΔT of 370 K (Th = 673 K, Tc =303 K) 139. A single TE leg prepared by scalable synthesis demonstrates a max of 12.9% at the Th of 773 K for Mg3.1Sb1.5Bi0.49Te0.01140. Wu et al. developed multi-element Fe0.2Mg0.2Cr0.2Ti0.2Mn0.2 contact layer and MgMn-based alloy protective coating for Mg3.2Sb1.5Bi0.49Te0.01Mn0.01 to improve interfacial thermal stability and realized high max of 13% at Th of 773 K147. Recently, Li et al. reported the highest max of ~15% at ΔT of 470 K for the 0.1Nb/Mg3Sb1.5Bi0.49Te0.01 with Fe7Mg2Cr as a contact layer152. This high max is mainly attributed to the improved materials ZT of ~2.04 at 798 K by incorporating the metal inclusions152. 
5.3.2 n-type Mg3(Sb,Bi)2 and p-type Bi2Te3 based devices
Inspired by the high max of n-type Mg3(Sb,Bi)2 for single-leg TE elements, further TE devices have been developed by combining with the p-type Bi2Te3-based TE materials. Themax values for Mg3(Sb,Bi)2- and Bi2Te3-based TE devices were listed in Table1 and shown in Figure 7. A single-pair TE device consists of n-type Mg3.2Bi1.29Sb0.7Te0.01 and p-type Bi0.2Sb1.8Te3 exhibits max of ~9% at Th of 573 K148. In another study, a single-pair comprised of Mg3+δBi1.5Sb0.5 and Bi0.4Sb1.6Te3 shows a  max of 6% at Th of 448 K, which is mainly attributed to low c established by a buffer layer NiMgBi between NiFe and Mg3+δBi1.5Sb0.5 layers151. The n-type TE material Mg3.2Sb1.5Bi0.49Te0.01Mn0.01 with contact layer of Fe0.2Mg0.2Cr0.2Ti0.2Mn0.2, which is paired with p-type commercial Bi2Te3 demonstrated a competitive max of 6% at Th of 573 K for 2-pair TE device147. Recently, Qu et al. reported a low c ~3.4 when replacing the Fe powder contact layer with Fe foil, which leads to the max of 7.1% for the 7-pair module consisting of n-type Mn0.02Sb0.5Bi1.495Te0.005 and p-type Bi2Te3-based compound at Th of 523 K150. 
5.3.3 n-type Mg3(Sb,Bi)2 and p-type MgAgSb- based devices
To date, mostly commercial TE devices are based on Bi2Te3, however growth of TE technology hindered because of tellurium (Te), which is a scarce element. Thus, TE research community has been focusing on development of environmentally friendly TE devices. Ying et al. developed Te-free TE devices composed of n-type Mg3(Sb,Bi)2 and p-type MgAg0.97Sb0.99 for power generation from low-grade heat136. At ΔT of 250 K, single stage 2-pair TE device showed a max of ~6.5%, whereas the 2-pair TE device comprised of segmented n-type Mg3.3Bi1.498Sb0.5Te0.002/Mg3.3Bi1.298Sb0.7Te0.002 and p-type MgAg0.97Sb0.99 demonstrated max of ~7% for the same ΔT. Meanwhile, Liu et al. demonstrated a significant improvement of ZT in n-type Mg3(Sb,Bi)2 by adding minor Cu in the interstitial sites of Mg3(Sb,Bi)211. An eight-pair TE device was constructed by this n-type high performance Mg3.2Sb1.5Bi0.49Te0.01Cu0.01 and p-type Mg0.99Cu0.01Ag0.97Sb0.99, which shows measured max of  ~7.3% at Th of 593 K. Ying et al. improved TE performance of n-type Mg3.6Y0.003Sb0.6Bi1.4 compound by sintering at high temperature of 1073 K and compensating the Mg content, leading to the average ZT of 1.1 between 300 K and 573 K129. A 2-pair TE device fabricated by this high-performance n-type TE material coupled with the p-type MgAg0.97Sb0.99 shows a max of 3% and 8.5% at the ΔTs of 75 K and 260 K, respectively. Xie et al. reported a general approach for the contact layers/diffusion barriers based on the phase diagram predictions by density functional theory (DFT) calculations. Using this approach, they discovered a novel contact layer MgCuSb for the high-performance p-type MgAgSb TE material. Moreover, the fabricated two-pair MgAgSb/Mg3.2Bi1.5Sb0.5-based module demonstrated a high conversion efficiency of 9.25% when ΔT of 300 K159.
5.3.4 n-type Mg3(Sb,Bi)2 and other p-type high-performance based devices
Recently, the fabrication of TE devices using n-type Mg3(Sb,Bi)2 and several other high-performance p-type materials (e.g, CdSb, GeTe, Skutterudites) has been reported. Bu et al. developed an antimony-based TE device with high TE conversion efficiency, which is applicable for low-grade heat recovery137. In this study, TE device was constructed using these high-performance n-type Mg3.1Y0.01BiSb (Ni contact layer and Fe diffusion barrier) and p-type Cd0.99Ag0.01Sb (Ni contact layer and Sb diffusion barrier). A  max of 8% is achieved at Th of 550 K and Tc of 280 K for 7-pair TE device. Recently, both GeTe and Mg3(Sb,Bi)2-based compounds have received great attention for device-level research due to their excellent TE material’s performance. Inspired by this, Bu et al. fabricated a TE device based on the n-type Mg3.05Y0.015SbBi (Ni contact layer and Fe diffusion barrier) and p-type (Ge0.98Cu0.04Te)0.88(PbSe)0.12 (Ag as the electrode and SnTe as the diffusion barrier layer) and realized max of ~10% at Th of 600 K 153. So far, Mg3(Sb,Bi)2-based TE devices were developed in operating temperature below 600 K targeting for low grade waste heat recovery. There were no reports on development of Mg3(Sb,Bi)2-based TE devices for power generation above 600 K. Motivated by this, Fu et al. developed a TE device using n-type Se-doped Mg3(Sb,Bi)2 and p-type CoSb3 based compounds for power generation above 600 K144. In this study, a high average ZT >1 from 300 K to 700 K was achieved by tuning the band structure and microstructure via Se doping for the Mg3.2Bi0.996SbSe0.004. In addition, Nb was developed as an effective diffusion barrier for Mg3.2Bi0.996SbSe0.004. A 2-pair TE device consists of n-type Mg3.2Bi0.996SbSe0.004 (Ni contact layer and Nb diffusion barrier) and p-type Ce0.9Fe3CoSb12 (Ni contact layer and Ti88Al12 diffusion barrier) demonstrated the max of 9.1% at ΔT of ~450 K. Recently, Ando et al. developed a 15-pair module consists of n-type Mg3.2Bi0.49Sb1.5Te0.01 and p-type GeTe-based compound by boosting the materials performance and optimizing contacting electrodes. Consequently, a high max of ~10% at ΔT of ~522 K155. 
5.3.5 Fully Mg3(Sb,Bi)2-based devices 
TE devices fabricated from various combination of p-type materials with n- Mg3(Sb,Bi)2-based compounds exhibits very good TE power generation performance in low and medium temperature ranges, extending new opportunities for efficient thermal management. However, these TE devices are composed of different parent compounds which might face various challenges in the practical applications. These challenges include the significant differences in their TE properties, chemical properties, CTEs, melting points, machinability, soldering, and assembling process, etc. For example, the skutterudites have significantly low CTE than Mg3(Sb,Bi)2 which can cause large thermal stress during high-temperature operation and lead to device failure. Therefore, TE community has been focusing on the development of devices composed of same parent compounds to facilitate good device fabrication, high power generation performance, and long-term stability. Motivated by this, Liang et al. developed a high TE performance p-type material based on the Mg3Sb2101. In this study, the ZT of p-type Mg1.8Zn1.2Sb2 compound was improved to ~0.7 at 573K by the tuning the carrier concentration by Na doping, synergetic optimization of carrier mobility and thermal conductivity by Yb alloying. A single-pair was fabricated, which comprised fully Mg3(Sb,Bi)2 based compounds. A  max of ~5.5% is obtained for a single-pair TE device consisting of n-type Mg3.2SbBi0.99Te0.01 and p-type Mg1.594Yb0.2Na0.006Zn1.2Sb2 at Th of ~573 K. In another study, Jiang et al. developed a 8-pair TE device comprised of p-type Mg1.98Ag0.02ZnSb2 and n-type Mg3.2SbBi0.996Se0.004, which demonstrates a max of ~7.5% ΔT of 380 K 156.


5.4 Thermoelectric devices for cooling 
Mg3(Sb,Bi)2 based thermoelectric materials have been attracted for solid-state cooling applications due to their high ZT near room-temperature. For several decades, (Bi,Sb)2Te3-based compounds have only the champion room-temperature TE materials. However, the large amount of expensive Te present in these compounds raised environmental concerns and limited their extensive use.  In 2019, Mao et al. developed an n-type Mg3(Sb,Bi)2-based TE material with a high ZT of ~0.9 at 350 K57. Subsequently, a single-pair TE device using n-type Mg3.2Bi1.498Sb0.5Te0.002 and p-type Bi0.5Sb1.5Te3 was constructed and evaluated the cooling performance. A single-pair device produces a temperature difference of ~91 K at Th of ~350 K (Table 2 and Figure 8A). This work motivated many researchers to look for an alternative to (Bi,Sb)2Te3-based compounds. Later, Yang et al. developed an improved version of Mg3(Sb,Bi)2-based TE cooling devices143. In this study, an effective and reliable Mg2Cu diffusion barrier is developed for the n-type Mg3.2Bi1.4975Sb0.5Te0.0025 compound. By coupling this n-type material with p-type (Sb0.75Bi0.25)2(Te0.97Se0.03)3, full-scale TE cooling devices (7, 31, and 71 pairs) were fabricated and measured the cooling performance. A maximum cooling temperature difference of 76 K with Th of ~350 K (Figure 8A) and a maximum coefficient of performance (COPmax) of 8 at ΔT of 5 K (Figure 8B) was obtained for 7-pair TE cooling device and showed a service time of >6 months. A 31-pair TE device also exhibits high cooling performance with reproducibility. Although, single-pair and full-scale TE cooling devices were developed with high performances, the development of fully non-(Bi, Sb)2Te3-based TE devices were lacking. Inspired by this, Liu et al. developed an 8-pair non-(Bi, Sb)2Te3 TE device comprised of n-type Mg3.2Bi1.5Sb0.498Te0.002Cu0.01 and p-type Mg0.99Cu0.01Ag0.97Sb0.99 and evaluated the TE cooling performance10. A maximum temperature difference of 56.5 K at Th of 323 K and COPmax of 2.6 at ΔT of 10 K was reported for the 8-pair TE device. Ying et al. demonstrated the maximum cooling performance of 72 K with Th of 347 K from TE device composed of high-performance n-type Mg3.6Y0.003Sb0.6Bi1.4 and p-type MgAg0.97Sb0.99 compounds 129. Xie et al. reported improved TE properties of p-type MgAgSb-based compound by ultrafine grain refinement and creating nano porosity via reducing lattice thermal conductivity and attained the ZT of 0.94 at 300 K157. A 7-pair Peltier TE device was constructed using high-performance p-type Li0.005Mg0.995Ag0.97Sb0.99 and n-type Mg3(Sb,Bi)2 compounds, followed by demonstrating maximum cooling performance of 52 K at Th of ~300 K and COPmax of ~ 8.3 at ΔT of 5 K. Recently, a 7-pair TE cooling module was developed by using the p-type Bi0.5Sb1.5Te3 and n-type Mg3.15Bi1.2475Sb0.75Te0.0025, which shows a maximum ΔT of 100 K at Th of  400 K and COPmax of 8.9, 7.5, and 3.2, at the ΔT of 0 K, 5 K, and 10 K, respectively14. 
So far, this review discussed the high applicable potential of Mg3(Sb,Bi)2-based TE devices for power generation and cooling, which is indicated by the high-performing materials and modules. However, there are at present no case studies available based on the applications of Mg3(Sb,Bi)2-based TE devices. We hope that this review will generate further high interest to promote such activities.
6 Challenges and future directions in Mg3(Sb,Bi)2-based TE devices 
Mg3(Sb,Bi)2-based TE materials have been attracting much attention towards implementation due to their high TE performance boosted by employing novel strategies. However, various challenges such as scalability, thermal, mechanical, and chemical stability are essential for the TE device's performance and must be addressed for industrialization. 
6.1 Scalability 
Mg3(Sb,Bi)2-based compounds are efficient and promising for TE power generation and cooling. Mostly, TE power generation and cooling devices fabricated based on Mg3(Sb,Bi)2 compounds were produced on a laboratory scale of ~10 g per batch with good reproducibility. However, the mass production (scaling up of 1 kg per batch) of these compounds is crucial for industrial implementation. The final product of scale-up synthesis compounds should contain chemical composition homogeneity with uniform TE properties. To address this challenging task, Xu et al. proposed a scalable synthesis approach to produce over 1 kg of Mg3.1Sb1.5Bi0.49Te0.01 materials using the Simoloyer ball miller (ZoZ GmbH)140. The homogeneity of the 2-inch diameter sample was further confirmed by scanning voltage probing and TE characterization. Moreover, a TE single leg was fabricated with Ni electrodeposition on both sides of n-type TE material. A max of 12.9% was realized at ΔT of ~480 K for the Mg3.1Sb1.5Bi0.49Te0.01. Despite this, the yield produced by large-scale synthesis is relatively low for industrial production. Moreover, substantial waste can be generated during the synthesis and, processing of TE materials. Thus, waste management using novel strategies is crucial in the mass production of TE materials for improving cost-effectiveness. 
6.2 TE device fabrication technology
Electrical and thermal contact resistances at the interfaces of the TE devices play a significant role in obtaining high device performance. Thus, the development of effective joining/contacting technology in fabricating TE devices is critical to obtaining stable interfaces without electrical and thermal losses. For Mg3(Sb,Bi)2, soldering and/or brazing are commonly used techniques for joining the TE elements to metal electrode substrates. At the cold side, joining interfaces using the low melting temperature (Tm) solder is simple and effective. At the hot side, the joining temperature of solder/brazing alloy (filler) is higher than the maximum working temperature, which might result in the deterioration of TE performance during the service. Thus, the filler materials used in joining the interfaces must have a strong bonding at low temperatures and be stable at service temperatures. Recently, low-temperature sintering of silver nanoparticles and transient liquid phase sintering joining techniques have been explored to decouple the TE device fabrication temperature from its operating temperature160.                  
6.3 Thermal stability 
Thermal stability refers to the reproducibility of TE materials and devices’ performance under thermal cycling. For Mg3(Sb,Bi)2-based TE single leg, good thermal stability was attained by the BN coating throughout the long-term measurements (1200 minutes) with a max of ~10.2% at ΔT of 373 K and Th of 673 K128. The long-term stability of n-type Mg3(Sb,Bi)2-based and p-type CoSb3-based TE devices was tested by thermal cycling experiments144. After 150 thermal cycling tests (~275 h), both the Pmax and max are reproducible with a slight decrease of <5% when Th was set to cycle between 473 K and 750 K, while maintaining Tc of ~293 K. The Mg4.3Sb3Ni/Mg3.2Sb2Y0.05/Mg4.3Sb3Ni single leg showed high thermal stability by maintaining low electrical contact resistance, high shear strength and max (~90% of best performance) after aging at 673 K for 20 days145. Ying et al. developed a robust TE device based on n-type Mg3.6Y0.003Sb0.6Bi1.4 and p-type MgAg0.97Sb0.99 compounds, which retains a relatively high output power with a reduction <10% after ~32000 thermal cycling tests between 323 K and 500 K129. Wu et al. implemented the synergetic interface and surface engineering by using the multi-element contact layers (FeCrTiMnMg)and protective coating (MgMn-based alloy) to improve the TE performance and stability of Mg3(Sb,Bi)2-based single TE element147. Consequently, a high max of 13% was attained for single leg element at Th of 773 K and showed excellent thermal stability with max relative reduction < 3% at Th of 673 K. Additionally, thermal cycling tests were performed between 473 K and 673 K to verify the robustness of Mg3(Sb,Bi)2-based single TE element. After 200 cycling tests, a reduction in relative max is less than 5%. However, extensive practical thermal stability studies to confirm the reliability and durability of the TE devices are critical for the industrial implementation. Moreover, the performance enhancement and thermal stability achieved by protective coatings need more studies to ensure their longevity.
6.4 Mechanical stability
Mechanical stability of the TE devices is another challenging parameter in retaining high TE performance. The TE device components with poor mechanical properties lead to cracks and failure of the device during the service. Recently, Ying et al. reported that the conversion efficiency of the Mg3Sb2/MgAgSb-based TE device decreased after thermal cycling, which is attributed to the coefficient of thermal expansion (CTE) mismatch between the n-type Mg3Sb2 and Fe contact layer 129. Thus, the fabrication of TE devices with matching CTE at their interfaces is critical to improve mechanical robustness. Also, mechanical compatibility between the n- and p-type materials in TE devices is equally important to improve their long-term operation. 
6.5 Chemical stability
Chemical stability refers to the ability of materials that are unaffected by changes in chemical environment such as oxygen, and moisture. Chemical instability may influence the processing, performance, and durability of TE materials and devices161,162. Thus, the influence of the chemical environment on the sensitivity and stability of TE materials and devices must be investigated. Inspired by chemical stability issues in Mg3(Sb,Bi)2-based compounds, Li et al., studied the effect of moisture on Mg3Sb2-xBix (x =0.0-2.0) and its influence on TE properties163. It was revealed that Mg3Sb2-xBix compounds are very sensitive to moisture. The Mg3Sb2-xBix decomposes to crystalline Bi/Sb and amorphous Mg (OH)2 in ambient moist air due to negative Gibbs free energy, leading to a significant deterioration of TE performance. The stable and invariant TE properties of Mg3Sb2-xBix were observed after two months of their exposure to dry air. These results suggest that effective anti-moisture strategies such as processing materials and devices inside the glove box, protective surface coatings, and/or encapsulating TE device will be useful for improving the chemical stability and durability of Mg3(Sb,Bi)2-based TE material and devices.  
6.6 Mg3(Sb,Bi)2-based TE thin film devices
[bookmark: _Hlk155611673]So far, only the orthodox bulk TE device form has been demonstrated for Mg3(Sb,Bi)2-type materials. Since Mg3(Sb,Bi)2 material with competitive performance near room temperature, in the future, other device designs potentially might be considered. For example, with the target for IoT energy harvesting, several prototypes of thin film thermoelectric power generation devices have been fabricated and demonstrated, for Si-based164–167, II-IV-based168, Bi2Te3-based169,170etc. Thin film growth of Mg3(Sb,Bi)2-type materials has recently been carried out successfully171–175, so Mg3(Sb,Bi)2-based thin film TE devices may be a future option also. Furthermore, a wide variety of polymer-inorganic composite TE devices have also been considered by the community for IoT energy harvesting176–179. Polymer composite material of the p-type counterpart MgAgSb has already been fabricated180 and further work on Mg3(Sb,Bi)2-type flexible composites may open up new possibilities for utilization in devices.
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Figure captions
Figure 1. Structure of Mg3(Sb/Bi)2 compounds.
(A) Crystal Structure (B) Band Structure of Mg3Bi2 and Mg3Sb231,32 and (C) Phonon Dispersion of Mg3Sb2 in low frequency regime33. Panel (B) reproduced from Ref.31,32 with permission. Published by Royal Society of Chemistry and American Association for the Advancement of Science (AAAS). Panel (C) adapted from 33, Copyright (2018) with permission from Elsevier.
Figure 2. Improvement of ZT in Mg3(Sb,Bi)2based TE materials by using effective strategies. 
Reported ZT at different temperatures by adopting effective strategies i.e., doping63,64, interstitial doping11, grain boundary engineering65, nano-precipitates66, band engineering25, annealing30, nanocomposites67 and tuning of sintering temperature10.
[bookmark: _Hlk161049687]Figure 3. Effect of interstitial doping on microstructure of Mg3(Sb,Bi)2-based TE materials.
(A) Shows the interstitial dopants used in Mg3Sb2 compounds103 (B) Cu addition11 and (C) Ni-interstitial with their effects on structure and microstructure104. Panel (B) reproduced from ref 11  under the terms of Creative Commons BY-NC-ND 4.0 DEED. Panel (C) adapted with permission from ref  104. Copyright (2023) American Chemical Society. 
[bookmark: _Hlk161049889]Figure 4. Showing enhancement in grains size by implementing different grain boundary engineering approaches.
Effect of (A) Annealing108 (B) Tuning of sintering temperature10  (C) Doping with Nb109 and (D) Tantalum-sealing and hot-press110 on microstructure of Mg3(Sb,Bi)2-based compounds.  Panel (A) reprinted with permission from ref 108. Copyright (2022) American Chemical Society.  Panel (B) adapted from ref 10 under the terms of a Creative Commons CC BY License. Panel (C) adapted from ref 109 under the terms of Creative Commons Attribution License. Panel (D) adapted from ref 110 under the terms of Creative Commons Attribution License. 
[bookmark: _Hlk161049909]Figure 5. Mg3(Sb,Bi)2-based nanocomposites and nano-structured materials resulted low lattice thermal conductivity.
The Schematic diagram for (A) Nanocomposite Mg3Sb2/GNS67 (B) Phonon scattering through presence of two phases Mg3Sb2 and Mg2Sn115 (C-E) co-precipitation process in polycrystalline bulk Ge-doped Mg3.2Sb1.5Bi0.5 during sintering and cooling66 and (F) Temperature dependence lattice thermal conductivity reproduced from references66,67,115,116.  Panel (A) reproduced from ref67 with permission from the Royal Society of Chemistry. Panel (B) reprinted with permission from ref 115. Copyright (2021) American Chemical Society.  Panel (C-E) adapted from ref 66 under the terms of Creative Commons Attribution License.  
Figure 6. Architecture of TE device and its fabrication
Schematic for (A) TE device, (B) key challenges to fabricate good electrical and thermal contact, and (C) fabrication of TE legs with contacts using the single-step sintering. 
Figure 7. Power generation from Mg3(Sb,Bi)2-based TE devices
The maximum conversion efficiency (max) for single TE leg65,128,138–141,147,152, single pair101,142,151,154 and multi-pair TE devices11,136,137,144,147,150,153,155,156,158 of Mg3(Sb,Bi)2-based compounds.
Figure 8. Refrigeration from Mg3(Sb,Bi)2-based TE devices
(A) Maximum temperature difference (ΔTmax) as function of hot-side temperature (Th)10,14,57,129,143,157 (B) Maximum coefficient of performance (COPmax) as function temperature difference (ΔT) for the Mg3(Sb,Bi)2-based TE cooling devices 10,14,143,157.
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