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Abstract

:

Thermoelectric (TE) materials play a crucial role in converting energy between heat and electricity, essentially for environmentally friendly renewable energy conversion technologies aimed at addressing the global energy crisis. Significant advances in TE performance have been achieved over the past decades in various TE materials through key approaches, such as nanostructuring, band engineering, and high-entropy engineering. Among them, the design of high-entropy materials has recently emerged as a forefront strategy to achieve significantly low thermal conductivity, attributed to severe lattice distortion and microstructure effects, thereby enhancing the materials’ figure of merit (zT). This review reveals the progress of high-entropy TE materials developed in the past decade. It discusses high-entropy-driven structural stabilization to maintain favorable electrical transport properties, achieving low lattice thermal conductivity, and the impact of high entropy on mechanical properties. Furthermore, the review explores the theoretical development of high-entropy TE material and discusses potential strategies for future advancements in this field through interactions among experimental and theoretical studies.
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1. Introduction


High-entropy alloys (HEAs) have recently gained popularity in the diverse fields of structural materials owing to their potential for remarkable mechanical properties compared to conventional alloys, such as a better strength-to-weight ratio, higher fracture resistance, higher tensile strength, and higher corrosion resistance [1,2]. In 2004, Yeh and Cantor introduced the idea of designing HEAs or multicomponent alloys (MCAs) using elements in equiatomic or near-equiatomic proportions to increase the entropy of mixing [3,4]. HEAs are usually produced by mixing five or more elements in equimolar ratios or nearly equal proportions, with at least one element of 5–35% molar percentage at a single crystallographic site [3]. The crystal phase of HEAs stabilizes at an elevated temperature through the reduction of Gibbs free energy (G), while the mixing entropy of the system (ΔS) dominates the enthalpy (H) of the system. Usually, the multicomponent materials associated with ΔS greater than 1.5R (R is the molar gas constant, 8.31 J mol−1K−1) are considered HEAs.   ∆ S   is determined by four factors: configurational   ( ∆   S   c o n f    ), electronic randomness, magnetic dipole, and vibrational entropy. However,   ∆   S   c o n f     holds more weight than the other three factors [5]. The Boltzmann equation governs   ∆   S   c o n f    , which determines how the available energy is shared among the atoms in a system. The   ∆   S   c o n f     per mole for the formation of a solid solution from n elements with mole fraction     x   i     is calculated using the following equation:


    ∆ S   c o n f   = − R   ∑  i = 1   n      x   i   l n     x   i    



(1)







So far, the concept of high-entropy engineering has also been applied successfully in various functional material fields, such as catalysis [6] and dielectrics [7], and more recently in thermoelectrics (TE) [8,9,10,11,12].



Thermoelectric generators (TEGs) represent a direct energy conversion between heat and electricity, which shows promise in harvesting green energy from waste heat and provides an alternative to conventional cooling technology [8,9,13,14,15,16,17,18]. TE conversion efficiency (η) of a TEG primarily depends on the TE material’s dimensionless average figure of merit (zTavg) under a temperature gradient (ΔT = Th − TC; Th and TC are the hot-side and cold-side temperature of a TEG device, respectively) as [19,20,21] follows:


  η =     T   h   −   T   c       T   h        1 −   z T   a v g    − 1    1 −   z T   a v g    +     T   c       T   h          



(2)







The figure of merit (zT) of a TE material is derived from   z T =     S   2   σ T   κ    , where S is the Seebeck coefficient, σ is electrical conductivity, T is absolute temperature, and κ is the total thermal conductivity, the sum of the electronic (κel) and lattice (κL) parts of thermal conductivity. To achieve a high zT, a high power factor (S2σ) or/and a low κ are required, which is expected in a semiconductor’s typical carrier concentration (n) range, 1019–1021 cm−3 (Figure 1a) [22]. However, enhancing the zT value is a challenge due to the intercorrelation among these TE parameters (S, σ, κ). Various effective approaches have been implemented to decouple electron and phonon transport behaviors in order to maximize the zT of TE materials. The two main strategies are: (i) the band engineering approach to optimize the electric transport properties by increasing the density-of-states effective mass [22,23,24], and (ii) the nanostructuring approach to reduce κL by increasing strong phonon scattering [14,25,26,27].



Recently, entropy engineering in TE materials has emerged as a promising avenue to enhance the performance of materials. In this context, the TE properties of HEAs are manipulated through not only the individual constituent elements but also their mutual interactions. The presence of multiple elements in HEAs with different atomic masses and ionic radii would introduce severe lattice distortion in a short-range order (Figure 1b) [28]. Consequently, it impacts the scattering of heat-carrying phonons. Thus, the κL of HEAs can be reduced significantly. Moreover, HEAs usually prefer to form crystal phases with high symmetry, which typically have electronic bands with multivalley features. As a result, it increases the electronic density-of-states effective mass, leading to a high S. The feasibility of improving the zT value by achieving a low κL and high S in HEAs using different TE materials has sought the attention of the TE community. This approach has been successfully utilized mainly in chalcogenide-based systems. For example, Jiang et al. reported a record high zT value of 1.8 at 900 K in a single-phase high-entropy-stabilized (Pb/Sn)(Se/Te/S) material [8]. However, the high-entropy engineering approach has not been successfully applied in other classes of TE materials. One of the biggest challenges is phase separation within the phase matrix due to the presence of multiple elements. Consequently, electrons scatter across phase boundaries, diminishing the electronic transport of HEAs and limiting their TE performance. Thus, maintaining electrical conductivity through single-phase stabilization is crucial for achieving high zT in high-entropy TE materials. The core effects of high-entropy materials are closely tied to transport properties, aiming to enhance band degeneracy, create multi-scale microstructures, reduce κL, and introduce a synergistic effect, thereby accelerating the development of thermoelectrics (Figure 1c).



In this review, we present the recent developments, strategies, challenges, and future perspectives in high-entropy engineered TE materials. First, we depict the fundamental understanding of entropy engineering effects that can potentially lead to the advancement of TE performance. Second, we summarize the performance of high-entropy engineered TE materials explicitly in terms of phase stabilization, electrical transport properties, and thermal conductivity. Third, we discuss the robust mechanical properties of TE materials, including hardness, elastic modulus, and fracture toughness, to reveal the longevity of TE devices. Fourth, we confer the deployment of an advanced computational design approach in high-entropy TE materials adopting ab initio, calculation of phase diagrams (CALPHAD), and data-driven methods. In conclusion, the review highlights the challenges and future perspectives for the advancement of high-entropy engineered TE performance.




2. Understanding Entropy Engineering in TE Materials


Entropy plays a crucial role in optimizing TE parameters, influencing charge carrier mobility (μ), κ, and thus TE performance. Mixing together several individual elements results in the reduction of Gibbs energy (    Δ G   m i x    ) through modifications in enthalpy (    Δ H   m i x    ) and enhancement in the entropy (    Δ S   m i x    ) of a system according to Gibb’s phase rule,     Δ G   m i x   =   Δ H   m i x   −   T Δ S   m i x    . In some instances,     T Δ S   m i x     can balance     Δ H   m i x     and drive   Δ   G   m i x     to become more negative. The interplay between     Δ H   m i x     (typically positive) and   −   T Δ S   m i x     (usually negative) can lead to “entropy stabilization”. Entropy stabilization is a phenomenon in which a single-phase structure dominates at elevated temperatures, while a multiphase material prevails at lower temperatures. Entropy stabilization can only be observed when entropy becomes the primary force in the thermodynamic landscape and influences structure and phase behavior [29]. By studying the delicate balance between     Δ H   m i x     and     − T Δ S   m i x    , we can better understand the structural and thermodynamic properties of these HEAs. The change in enthalpy (  Δ  H) can be expressed as   ∆ H = ∆   H   s   + ∆   H   c     [30], where   ∆   H   s     is the enthalpy change due to internal strain energy resulting from the usage of different elements with varying atomic size and mass, and   ∆   H   c     denotes the enthalpy change due to internal ionic field energy arising from the redistribution of the electron cloud. The major contribution of   ∆ H    comes from   ∆   H   s    , which is determined by the shear modulus, atomic radius, and atomic mass mismatch of the alloying elements [30]. The entropy of a given system refers to its number of possible microscopic configurations. The greater the microscopic configurations, the greater the phonon disorder and scattering effect. Moreover, high   ∆   S   c o n f     in materials is associated with several important features, such as cocktail effects, local lattice distortions, high defect density, and improved stability of the crystal structure [31]. This approach offers a wide range of opportunities to customize properties to fit specific applications, making HEAs an extremely attractive option for TE materials. The benefits and effectiveness of high   ∆   S   c o n f     with respect to TE properties are summarized in Figure 1c, which will be detailed as follows.



2.1. Lattice Distortion


When atoms or ions of varying sizes, valences, or electronegativities coexist in the same sublattice, they introduce strain/distortion in the lattice, which can significantly impact the properties of materials. These distortions depend on the discrepancy in atomic and/or ionic radii, and through local atom and/or ion displacements, the Madelung constant governs the electrostatic potential of a crystal. For example, based on the Gruneisen parameter, γ, Fultz observed that even a minor modification of 1% in interatomic spacing can result in a significant change of approximately 12% in interatomic forces, while a 10% change can lead to a complete breakdown of the crystal structure [32]. These distortions largely affect the defect concentration and its impact on properties as well.




2.2. Structural Stabilization


Entropy stabilization is one way to achieve structural stabilization, which is essential in phase transitions. In binary materials, stabilization effects beyond the solubility threshold have been observed, resulting in the emergence of stable structural types that are not typically present under normal conditions. The origins of these effects are multifaceted and influenced by a variety of factors that collectively contribute to structural stabilization.




2.3. Cocktail Effect


The cocktail effect is observed when a combination of different elements or materials displays unique properties that cannot be traced back to any individual component. The interactions between the small units that make up the mixture give rise to the unpredictable properties of the whole system. Altering the composition or stoichiometry of a hybrid material can result in significant changes in its properties due to modifications in the interactions between the components [33]. This opens new avenues for tailoring material properties by selecting specific elements and modifying the stoichiometry.



Tailoring HEAs for specific applications is feasible due to their ability to control composition and defect structure. Changes in mechanical, electronic, and electrochemical properties depend on the composition. HEAs exhibit complexity, with increased defect density contributing to their intricacy. Disorder in HEAs directly impacts κ. Increased disorder and lattice distortions disrupt regular phonon vibrations, which are primarily responsible for heat conduction, by introducing phonon scattering centers. Simultaneously, an increase in   ∆   S   c o n f     can enhance solubility limits and reduce electron scattering processes by eliminating phase boundaries in systems that would otherwise form multiple phases, thereby improving σ. High-entropy engineering enables the coupling of high σ with low κ, a prerequisite for high-performance TE [34]. Moreover, each term such as     κ   L   ,   μ   H   , S , σ ,   a n d   m   *     can be tuned in different ways to obtain the maximum zT. Therefore, meaningful comparison of zT among different materials is possible only when the alloys/compounds are confirmed to be optimally doped [35]. Table 1 summarizes the effects of entropy engineering on various TE properties.





3. Entropy Engineering to Enhance Materials’ zT


Although high-entropy engineered TE materials often reveal the reduction of carrier mobility owing to the enhanced electron scattering, it can facilitate high S and low κ leading to high zT (Table 2). In the past few years, a high-entropy engineering strategy has been utilized in various TE materials exhibiting great potential to advance significant zT performance (Table 2 and Figure 2). Among them, chalcogenides exhibit superior TE performance through high-entropy design. For instance, a high peak zT of 2.0 at 900 K is obtained in a high-entropy PbSe-based material through a manipulated hierarchical structure by increasing ΔSconf [9]. Jiang et al. reported that high-entropy-stabilized single-phase Pb0.89Sb0.012Sn0.1Se0.5Te0.25S0.25 material, with a high zT of 1.8 at 900 K, provides an avenue to improve TE performance for high-entropy engineered TE materials [8]. The same research group further realized both a superior zT of 2.7 at 750 K and high PF in a high-entropy Ge0.61Ag0.11Sb0.13Pb0.12Bi0.01Te TE material due to band convergence by increasing crystal symmetry; subsequently, they demonstrated the coexistence of low κ and high PF in the high-entropy GeTe-based material [10]. Moreover, Ge0.84In0.01Pb0.1Sb0.05Te0.997I0.003 shows a remarkable zT of 2.1 at 800 K due to band convergence induced by the high-entropy design [36]. Ma et al. reported AgMnSn0.25Pb0.75SbTe4, a p-type semiconductor crystallized in a rock-salt structure, with a peak zT of 1.3 at 773 K and an average zT value of 0.8 in the temperature range of 400–773 K due to effective band convergence and high density-of-states effective mass [37]. They proposed that the increase in lattice distortion degree is important to achieve low κ, and thus the TE performance for HEAs. Recently, Gao et al. demonstrated the role of an adaptable sublattice in stabilizing HEAs and achieved a peak zT of 1.3 at 700 K in Mg2−δSi0.12Ge0.13Sn0.73Bi0.02, which is competitive among the best values reported in Mg2X-based materials [38].





 





Table 2. High-entropy engineered TE materials with zTmax, PF, and κ at zT-peak temperature in chronological order.






Table 2. High-entropy engineered TE materials with zTmax, PF, and κ at zT-peak temperature in chronological order.





	Year
	High-Entropy TE Materials
	PF

(μWcm−1K−1)
	κ

(Wm−1K−1)
	zTmax
	zTpeak

(K)
	Ref.





	2016
	(BiSbTe1.5Se1.5)1−xAgx [x = 0.9%]
	6.5
	0.43
	0.63
	450
	[39]



	2017
	Pb0.94SnTeSeLa0.06
	12.6
	1.37
	0.8
	873
	[40]



	2018
	(Sn0.74Ge0.2Pb0.1)0.75Mn0.275Te
	17.9
	1.13
	1.42
	900
	[41]



	2018
	Nb0.8M0.2FeSb (M = Hf, Zr, Mo, V, Ti; equimolar)
	42.2
	4.19
	0.88
	873
	[12]



	2018
	Ag9GaSe5.53Te0.45
	6.7
	0.35
	1.6
	850
	[42]



	2019
	Ti2NiCoSnSb
	5.7
	10.5
	0.047
	860
	[43]



	2019
	Ge0.84In0.01Pb0.1Sb0.05Te0.997I0.003
	30.6
	1.19
	2.1
	800
	[36]



	2020
	AgSnSbSe1.5Te1.5
	9.8
	0.62
	1.14
	723
	[44]



	2020
	Ag0.25Pb0.5Bi0.25S0.4Se0.5Te0.1
	4.6
	0.61
	0.54
	723
	[45]



	2021
	Ga0.025(Sn0.25Pb0.25Mn0.25Ge0.25)0.975Te
	18.5
	1
	1.52
	823
	[46]



	2021
	AgMnGeSbTe4-1 mol% Ag8GeTe6
	13.9
	0.85
	1.27
	773
	[47]



	2021
	Cu0.8Ag0.2(ZnGe)0.1(GaIn)0.4Te2
	6
	0.48
	1.02
	820
	[48]



	2021
	Pb0.935Na0.025Cd0.04Se0.5S0.25Te0.25
	16.2
	0.73
	2
	900
	[9]



	2021
	Pb0.89Sb0.012Sn0.1Se0.5Te0.25S0.25
	12.5
	0.63
	1.8
	900
	[8]



	2022
	Ge0.61Ag0.11Sb0.13Pb0.12Bi0.01Te
	28.6
	0.834
	2.7
	750
	[10]



	2022
	MFe0.7Co0.3Sb (M = equimolar Ti, Zr, Hf, V, Nb, Ta)
	7.8
	2.88
	0.25
	923
	[11]



	2022
	AgMnSn0.25Pb0.75SbTe4
	11.3
	0.67
	1.3
	773
	[37]



	2022
	Cd0.02(Sn0.59Pb0.15Ge0.2Sb0.06)0.98Te
	19.1
	1.02
	1.5
	800
	[18]



	2022
	Cu1.87Ag0.13(In0.06Sn0.94)Se2S
	4.35
	0.25
	1.52
	873
	[49]



	2022
	Ge0.82Sb0.08Te0.9(MnZnCdTe3)0.1
	17.2
	1
	1.24
	723
	[50]



	2023
	Mg2−δSi0.12Ge0.13Sn0.73Bi0.02
	40
	2.15
	1.3
	700
	[18]



	2023
	Pb0.9Na0.04Mn0.06Te0.9S0.05Se0.05
	22.1
	0.87
	2.1
	825
	[51]
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Figure 2. The state-of-the-art zT of high-entropy engineered materials. Data taken from the references [8,9,10,12,19,38,39,42,43,51]. 
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It is worth noting that besides the high zT value of a suitable TE material, a high PF is desired considering the output power performance. In this context, half-Heusler (hH) materials are promising for mid-temperature to high-temperature TE materials as they exhibit a large PF, excellent mechanical properties, and good thermal stability [17]. However, the TE performance of the hH alloys is limited due to their intrinsically high κL ~10 W/m-K for stoichiometric compounds. For example, a low zT of 0.25 is achieved in a high-entropy MFe0.6Co0.4Sb hH alloy [11]. The maximum zT of 0.88 at 873 K has been reported in a high-entropy engineered Nb1−xMxFeSb (M = Ti, V, Hf, Mo, or Zr with an equimolar ratio) hH material [12]. Although a significant reduction in κ is realized through high-entropy design, the electrical transport properties are also significantly affected due to phase segregation [11,12]. As a result, the zT value of high-entropy hH alloys is still limited to less than 1.0. Therefore, in the design of HEAs, single-phase stabilization is one of the most crucial factors in optimizing the TE performance of any class of materials.



3.1. Phase Stabilization


High-entropy engineering imparts a driving force to form high-entropy-stabilized materials through the reduction of Gibbs free energy. The crystal phase of HEAs stabilizes at elevated temperature according to the Gibbs phase rule. ΔS of HEAs can dominate the H of a system, which consequently leads to ΔG < 0. As a result, single-phase HEAs are obtained through high-entropy-driven structural stabilization (Figure 3a) [8]. It is noteworthy that HEAs surpass the maximum solubility of conventional low-entropy alloys. In TE materials, few successful studies have been reported so far, where the enhancement of entropy toward the high-entropy region successfully stabilizes the single phase. For example, an increase in ΔSconf by the alloying of Sn assists in stabilizing the single cubic phase of n-type high-entropy (Pb/Sn) (Se/Te/S) materials over the solubility limit, which was observed to exhibit several splitting peaks in the (200) peak and associated with multiple phases [8]. This is attributed to the entropy-driven structural stabilization effect, providing a positive effect of high entropy strategy. This has been further realized to improve structural symmetry. For example, a high-entropy GeTe-based material, Ge0.84In0.01Pb0.1Sb0.05Te0.997I0.003, demonstrated the single phase of the GeTe phase with a rhombohedral structure without any traces of impurities [36]. Moreover, the stability of the high-temperature cubic phase has been realized with an increase in ΔSconf, which shifts the phase transition temperature from rhombohedral to cubic structure to a lower temperature (Figure 3b) [36]. This indicates an enhancement in crystal structural symmetry, which can be correlated with the increase in the interaxial angle (Figure 3c) [36]. However, the solubility of potential high-temperature hH TE materials through high entropy engineering has not been successfully explored [11] and requires further attention from the TE community.




3.2. Optimization of Power Factor


Enhancement in the chemical complexity of multiple elements with various atomic sizes and masses often results in phase segregation in the phase matrix. Therefore, the electron transport in high-entropy TE materials is hindered due to induced enhanced electron scattering across the phase boundary, leading to degradation in µH. High-entropy engineering with adaptable sublattices facilitates band convergence, which can enhance S and compensate for σ to maintain a high PF. In this context, the optimization of PF is required to enhance zT, as well as for the power output from the device. Through Cd, Se, and S alloying in PbSe-based material [9], the valence band maximum was pushed down, while the conduction band minimum was pushed up simultaneously, leading to a decreased energy difference (    Δ E   L − Σ    ) between the light (L) and heavy (Σ) valence bands (Figure 4a,b). Therefore, the valley degeneracy Nv is largely increased, resulting in enhanced S and PF. Jiang et al. demonstrated that high-entropy engineering in the GeTe-based material Ge0.61Ag0.11Sb0.13Pb0.12Bi0.01Te increases the crystal structure symmetry, which leads to unusual delocalization of electron distribution in the distorted rhombohedral structure. This results in band convergence, which maintains superior electrical properties [3]. Similarly, co-alloying of (Sn, Ge, Pb, and Mn) in SnTe enhances band convergence and band effective mass, which enhances S even though carrier concentration increases, resulting in a high PF. However, high-entropy engineered hH materials have not been fruitful, despite low-entropy materials showing a high PF. The major obstacle in high-entropy hH alloys is severe electron scattering at the phase boundaries due to phase separation in the matrix, which reduces PF significantly. A comparison of the PF of different types of high-entropy engineered materials is shown in Figure 4c.




3.3. Low Thermal Conductivity


The doping of elements with different mass and size leads to strain field fluctuation and significantly suppresses     κ   L    . Due to the strain field fluctuations during isoelectronic alloying in the sublattice, various pathways are created for point defect scattering in phonons. The resulting disorder scattering parameter (    Γ   c a l    ) can be calculated using the following equation [52]:


    Γ   c a l   =   Γ   m a s s   +   Γ   s i z e    



(3)




where     Γ   m a s s     and     Γ   s i z e     are the contributions to the scattering factor due to the difference in the atomic mass and size of the elements, respectively.     Γ   s i z e      depends on the size as well as the nature of bonding among various elements and the nature of the sublattice in which they are doped. If the contribution of     Γ   s i z e     is negligible,     Γ   c a l   ≈   Γ   m a s s    . In quaternary multicomponent alloys, a low     κ   L     is observed along the binaries with a high atomic mass difference. Alloying/doping elements with a large atomic mass mismatch and a small size mismatch is found to be beneficial in eliminating the effect of     κ   L     and     μ   H   .   For example, in hH alloys, a large mass mismatch with a smaller size mismatch between group V and VI elements results in large thermal but small electronic perturbation. However, if elements with intermediate atomic and mass mismatch are doped, they can diminish the overall scattering effect. Thus, in HEAs, utmost care must be taken while deciding on factors such as what, how much, what order, and in which sublattice(s) to alloy [41,53,54]. Furthermore, the following approaches can be considered to suppress     κ   L    : (ⅰ) isoelectronic alloying on different sublattices; (ii) each element added/doped must introduce an independent and significant scattering mechanism that acts orthogonally; (iii) phase separation or precipitation in nano scale due to the strain resulting from atomic size mismatch; (ⅳ) defect generation such as vacancies, dislocations, and stacking faults; (ⅴ) increasing the grain boundaries by refining the grain size; (ⅵ) developing hierarchical microstructure along with the formation of secondary phases; (ⅶ) generating incoherent phase interfaces, which can increase both     Γ   m a s s    .



The chemical complexity of the elements in HEAs leads to severe lattice distortion in the short-range order of the high-entropy phase. Consequently, it scatters the heat-carrying phonons and the κL of the material reduces significantly due to strong high-frequency phonon scattering, posing a potential avenue for achieving high zT values. The very suppressed κL from the atomic-scale phonon mean-free path is the key feature of HEAs. For example, the manipulation of hierarchical structure through high-entropy engineering provides a difference scale of lattice defects, including point defects, planar defects, nanoprecipitates, and mesoscopic precipitates, which become the scattering sources for low- to high-frequency phonons, leading to a significantly suppressed κL in Pb0.935Na0.025Cd0.04Se0.5S0.25Te0.25 alloy (Figure 5a) [9]. Because of the hierarchical structure design with high entropy in PbSe material, the realized κL (~0.33 Wm−1K−1) approaches the theoretical minimum (~0.31 Wm−1K−1, calculated based on the Cahill model) [10]. High-entropy design in Ge0.61Ag0.11Sb0.13Pb0.12Bi0.01Te alloy demonstrated an ultralow κL (~0.3 Wm−1K−1) due to the localized phonons’ behavior, induced by the entropy-driven disorder generated in the lattice, which extensively hampered the propagation of transverse phonons and increased anharmonicity [10]. Moreover, an ultralow κ (~0.44 Wm−1K−1 at 873 K) is realized in high-entropy chalcogenide Cu1.87Ag0.13(In0.06Sn0.94)Se2S nanocrystals through the design of a metastable cubic phase induced by size-driven structural stabilization (Figure 5b) [49]. The high-entropy approach has also been successful in ceramic TE. Maity et al. demonstrated that multicomponent doping in an equimolar ratio in the B-site of perovskite material (ABO3) can help reduce κ (0.7 Wm−1K−1 at 1050 K) in Sr(Ti0.2Fe0.2Mo0.2Nb0.2Cr0.2)O3 high-entropy ceramic due to enhanced multi-phonon scattering [55]. In Ca0.2Sr0.2Ba0.2Pb0.2La0.2TiO3 high-entropy ceramic, Zheng et al. observed a minimum κ of 1.17 Wm−1K−1 at 923 K due to the large lattice distortion and huge mass fluctuation effect [56].





4. Robust Mechanical Properties


For practical application considerations, TE materials and devices must be mechanically robust and resist cracking or failure from vibrations. TE devices are utilized in various applications, including space exploration, industrial waste heat recovery, and wearable self-powered equipment. However, to be commercially viable, these devices require exceptional thermal stability and mechanical properties to prevent the element from becoming volatile and the interface from becoming diffused [57]. Mechanical properties play a crucial role in determining their lifespan, making them a highly sought-after technology. Conventional TE alloys’ mechanical properties have been extensively studied and documented in the literature [57,58,59,60,61,62].



4.1. Materials’ Mechanical Properties


There are various techniques available for measuring the hardness of a material, including macro-, micro-, and nanoindentation methods. By analyzing these measurements, it is possible to calculate both the hardness and elastic modulus of the material. Poisson’s ratio must be known to determine the elastic modulus accurately. When assessing the mechanical properties of TE materials, it is of utmost importance to consider a variety of factors, including the synthesis route, compositional variations, surface roughness (sample preparation), sample density, nature of testing, and loading conditions. These elements can significantly influence the ultimate value of the mechanical properties of TE materials [63]. Hence, it is crucial to meticulously consider these factors to attain accurate and reliable results in the assessment of the mechanical properties of TE materials. The mechanical properties of high-entropy TE materials are critical but have rarely been reported so far. We will mainly focus on various levels of mechanical performance based on conventional TE materials, which can further guide the mechanical considerations in high-entropy TE materials in the future.



4.1.1. Hardness (H)


For hH materials such as TiNiSn, ZrNiSn, and HfNiSn, the cast samples exhibited higher hardness (>10 GPa) than their ball-milled and sintered counterparts. The study by Verges et al. showed that the substitution of Ti by Zr or Hf in any higher-order system resulted in reduced hardness. The samples with densification aids showed slightly higher values than those without the aids [64]. The influence of composition on p-type and n-type hH alloys has been studied extensively by Verges et al. and O’Connor et al. [65,66]. A substantial increase in hardness has been reported with Ni inclusions for both hH and Skutterudites. The hardness values were strongly dependent on the density of the samples, rather than on the loads used. Fan et al. established an exponential relationship between hardness and porosity, which was confirmed by Ti0.75Hf0.75NiSn (n-type) and TiFexCoySb (p-type) alloys [66]. From the literature data, it can be concluded that the hardness values do not differ much for n-type and p-type HH alloys [67].




4.1.2. Elastic Modulus


The elastic modulus is important as it affects the fracture strength and thermal shock resistance. Young’s modulus (E) is sensitive to measurement techniques. Values of nanoindentation represent local behavior, and hence more data points are required to account for a bulk response. Generally, resonant ultrasound spectroscopy is used to obtain a bulk response. These values are always found to be lower than the indentation values, due to the overplay of local composition fluctuations in the latter. A concise review of the nanoindentation data of various TE alloys is summarized by He et al. [59]. For example, in hH alloys, the following results were observed: (ⅰ) E and H decrease with increasing Co and decreasing Fe; (ii) E increases with Sn addition; (iii) Substitutions of Ir, Rh, and Pd on the Co or Ni site affect E. To understand the inherent nature of TE alloys, the ratio of bulk to shear modulus (B/G) was calculated according to Pugh’s criteria. Rogl et al. found that the values lie in the range of 1.43 < B/G < 1.86, indicating the brittleness of these TE alloys [61,67]. Moreover, it was observed that all TE alloys (hH, Skutterudites, Bi2Te3) obey the       H   3       E   2       relation as shown in Figure 6. With this relation, it becomes easier to predict H through E and vice versa. On overall comparison, hH alloys have higher hardness and elastic modulus than other TE alloys, which agrees with the study by He et al. [59].




4.1.3. Indentation Fracture Toughness


According to Antis et al., indentation fracture toughness (    K   1 c    ) is given by the following equation:


    K   1 c   = 0.016         E   H       0.5       P     c   1.5        



(4)




where E is the elastic modulus (GPa), H is hardness (GPa), P is the indentation load (N), and c is the crack length (m). According to Figure 6, hH alloys exhibit higher E and H values, indicating higher fracture toughness values as well. The     K   1 c     values for Ti1−xZrxNiSn and Ti1−xHfxNiSn hH alloys were found to increase with increasing Zr/Hf concentrations [65].




4.1.4. Mechanical Response at High Temperatures—Compressive Strength, Creep


In the case of TEGs, bulk devices in particular encounter a certain degree of external pressure during operation. The peak compressive strength that these TE materials can endure is crucial for the reliable performance and lifetime of devices. Moreover, the effect of temperature on these properties has been less explored in the literature. Rogl et al. and Jung et al. studied the effect of temperature on the elastic modulus and thermal expansion coefficients for hH alloys [67,68]. The studies revealed that the elastic modulus exhibited an inverse relation, whereas the thermal expansion coefficients showed a direct relation with increasing temperature. In the literature, high-temperature mechanical data of HEA TE materials are very scarce. Moreover, the studies are focused on hH alloys because of their high hardness, elastic modulus, TE performance, and phase purity. All of these factors play a major role in the deformation or failure mechanism. High-temperature compression behavior of Zr0.5Hf0.5NiSn0.985Sb0.015 HH alloy was studied by Lu et al. in the temperature range of 300–1100 K [69]. The range of typical hardness and elastic modulus for different types of thermoelectric materials is shown in Figure 6. The alloy was prepared through induction melting, followed by pulverization and consolidation through hot pressing. With an increase in temperature, the elastic modulus and compressive strength decreased owing to the grain boundary weakening, which made a pathway for aggressive oxidation and segregation of alloying elements, as shown in Figure 7. The compressive strength of the alloy decreased to ~214 MPa at 1100 K from ~785 MPa at 300 K.



The creep behavior and pre- and post-creep thermoelectric performance of Hf0.3Zr0.7NiSn0.98Sb0.02 alloy was studied recently by Malki et al. [70]. The hH alloy exhibited finer grain sizes (~1–7 mm) and could withstand a compressive strength of ~360 MPa for 23 days at 873 K. The sample that crept up to 46 MPa revealed better TE performance than the sample that crept to 360 MPa. The creep behavior of the hH alloy compared with other TE materials is shown in Figure 8.





4.2. Mechanical Failure Modes of TE Devices


TEG usually encounters mechanical issues that can significantly reduce its output power and efficiency. Over time, various types of TEGs have been explored, including traditional bulk devices, inorganic thin-film devices, flexible organic devices, and flexible devices that utilize bulk thermoelectric legs [71]. Figure 9 presents an overview of the different types of TEGs and the potential mechanical failures they may face [57]. The failure of a TEG is primarily determined by the mechanical characteristics of the TE materials in use, which also dictate the device’s mechanical properties. The quality of the connection between electrodes and materials is critical, and any mechanical damage to the electrodes or connections can result in decreased output performance or even complete TEG failure. Furthermore, the mechanical characteristics of the substrate can also affect a TEG’s mechanical properties. Considering the possible failure mechanisms during service in Figure 9, fracture toughness, hardness, the elastic modulus, and compressive strength are important mechanical parameters to be understood for a robust TE device. The relevance of material hardness is not confined solely to its wear resistance but extends to its machinability, both of which are critical considerations for ensuring mechanical stability and efficient device manufacturing. The long-term durability of TE modules constructed from p- and n-type materials is significantly dependent on the matching of coefficients of thermal expansion of each leg-type material in the temperature range employed [72,73]. Hence, ensuring that these coefficients are well matched is a crucial aspect of optimizing the efficient and reliable operation of TE modules.





5. Computational Design of Entropy-Engineered TE Materials


Efforts related to computation-driven rational design of materials have risen in popularity and importance in the recent past. Computational tools have become a reliable shortcut for the design of new alloys with superior properties because of the enhancement in the capabilities of computing resources. In contrast to experimental investigations with a trial-and-error approach involving high material costs and energy consumption, computational tools can serve as a guide to design materials efficiently by lessening the experimental trials. With a multitude of computational resources available for developing new materials, the approaches that are being employed commonly for the design of high-entropy thermoelectric materials can be conveniently divided into ab initio, CALPHAD (calculation of phase diagrams), and data-driven methods, as listed in Figure 10, which will be further elaborated in the following subsections.



5.1. Ab Initio-Based Methods


Ab initio methods, which are also known as first-principles methods, have been extensively employed for the design and validation of high-entropy TE materials, mainly for (a) computing the enthalpy of formation and Gibbs energy of the material to understand the phase stability and (b) calculating the density of states. Ab initio methods are based on density functional theory (DFT), a quantum mechanical tool for computing the electronic structure of atoms and molecules and periodic/non-periodic solid phases. The DFT packages that are usually used for computing TE attributes are the Vienna Ab Initio Simulation Package (VASP) [74,75], which uses projector-augmented-wave formalism with frozen core approximation, and the Wien2K [76] package, which employs all-electron full-potential linearized augmented-plane wave formalism. It is worth noting that all the DFT calculations are implemented at a temperature of 0 K.



The enthalpy of formation (  ∆   H   f o r m    ) of a compound can be calculated using DFT using the following equation:


     ∆   H   f o r m       A   x     B   y     C   z           =   E   t o t a l       A   x     B   y     C   z     − x   E   t o t a l     A   − y   E   t o t a l     B        − z   E   t o t a l   ( C )     



(5)




where     E   t o t a l     is the total energy of each structure calculated using the DFT packages. The calculation of   ∆   H   f o r m     for periodic structures is straightforward, since atoms will occupy fixed positions. On the other hand, high-entropy materials necessitate the mixing of various components in one or more lattice sites of the crystal structure. This requires the generation of disordered structures and separate frameworks that are available to generate the same to serve as input for the DFT calculations. Special quasirandom structures (SQS) [77] are the most frequently used method for generating disordered structures due to their ease of implementation. The mcsqs code included in the Alloy Theoretic Automated Toolkit (ATAT) [78] is used for generating the SQS structures. Besides, there are techniques available such as Korringa–Kohn–Rostoker (KKR) coherent potential approximation [79] and virtual crystal approximation [80] for generating random alloys. The major drawback in generating random alloys with mixed lattice site occupancies for DFT calculations is the large number of atoms required in the supercell to mimic alloying behavior. As shown in Figure 11a, to generate a structure with mixed occupancy of Pb and Sn in one lattice site along with Te and Se in another lattice site in an NaCl-type face-centered cubic structure, a supercell with 64 atoms is required for generating the SQS structure to perform DFT calculations for PbSnTeSe high-entropy thermoelectric material [81]. This makes DFT calculations computationally intensive and demands higher computing power. Figure 11b shows the enthalpy of formation of high-entropy thermoelectric materials (Ti2NiCoSnSb and Ti1.5NiCoSnSb) and other related compounds using Equation (5) for the high-entropy and hH TE materials determined using DFT calculations [82].



Thermodynamic properties can be computed as a function of temperature using quasi-harmonic approximation (QHA) [83], which evaluates the volume dependence of phonon frequencies in a structure consisting of vibrating atoms. Since the volume dependence of phonon frequencies is considered,   ∆ G   can be derived by calculating the volume and total energy as a function of temperature. The total entropy,   ∆ S  , of HEA is a sum of   ∆   S   c o n f     and   ∆   S   v i b     entropies.   ∆   S   c o n f     can be estimated using the well-known Boltzmann equation.   ∆   S   v i b     can be computed using QHA as implemented by Phonopy code [84]. It is a Python-based open-source code for performing phonon calculations using the direct-force method for a supercell, an expanded unit cell of a material. The Gibbs energy calculated using Phonopy can be used to understand the stability of a high-entropy TE material as a function of temperature. In Figure 3a, the calculated configurational (calculated using Equation (1)), vibrational (calculated using Phonopy), and total entropies (all quantities are multiplied with temperature), as well as the calculated Gibbs energy (calculated using Phonopy), enthalpy (calculated using Phonopy), and total entropy (multiplied with temperature) for PbSbSeSnSTe high-entropy thermoelectric material are shown to have included the stability of the single-phase high-entropy alloy [8]. It is worth noting that, in general, random alloys have a small fraction of imaginary (negative) phonon frequencies at 0 K, which can be neglected [8]. However, with a significant number of imaginary phonon frequencies, the calculated properties for that crystal structure cannot be considered as it is dynamically unstable due to destabilization of the input structure. A dynamically unstable structure implies that the structure does not satisfy the Born stability criterion, which provides the conditions of mechanical stability of unstressed crystalline structures [85].



The calculation of transport properties is another important attribute to be evaluated for designing and validating high-entropy TE materials. Separate codes can be used to evaluate the individual quantities constituting the evaluation of zT, which can be conveniently interfaced with DFT codes, such as VASP and Wien2K. phonop3py [86] is Python-based open-source software that can calculate phonon–phonon interactions using the supercell approach to estimate the lattice thermal conductivity as a function of temperature. In addition, the Green–Kubo theory has also been applied to determine the κL of high-entropy TE materials with the heat flux data generated using on-the-fly machine-learned force fields [81].



The BoltzTraP (Boltzmann transport properties) [87] code based on Boltzmann transport theory is an open-source program for calculating the semi-classical transport coefficients by smoother Fourier interpolation of band energies based on the space group symmetry of the input structure. This code can be efficiently employed to calculate quantities such as the Seebeck coefficient, electronic thermal conductivity, and electrical conductivity, which can be used to estimate the thermoelectric figure of merit. Figure 12 shows S, σ, κe, and PF (S2σ) as a function of chemical potential for Ti0.75HfMo0.25CrGe high-entropy TE material calculated using the BoltzTraP code [88]. These essential computational tools for evaluating the figure of merit have made ab initio-based techniques an effective tool for the design of high-performance high-entropy TE materials.



An extension of the ab initio methods based on DFT is the ab initio molecular dynamics (AIMD) simulation. Classical molecular dynamics simulation generally requires interatomic potentials (or force fields) to describe the interaction between particles, which are not available for many thermoelectric alloy systems. In AIMD calculations, the forces required to describe the interactions are computed on the fly using DFT calculations. This reduces the dependence of AIMD on interatomic potentials to describe the material and circumvents the limited applicability problem due to the lack of interatomic potentials for several alloy systems. Hence, AIMD has become a robust computational tool for modeling complex chemical systems and has been applied to a host of different material systems. However, these calculations are computationally intensive and hence limit their widespread application to large-scale alloy systems. To reduce the computational intensity of these calculations, they are integrated with machine learning techniques that can efficiently determine the required force fields by mapping the atomic configurations to properties with the help of a robust learning algorithm [89]. Machine learning-assisted AIMD simulations have been successfully applied to study the effect of an adaptable sublattice in stabilizing the single-phase face-centered cubic crystal structure in Mg2(Si, Ge, Sn, Bi) high-entropy thermoelectric material [38]. The adaptability and flexibility of the loosely bonded Mg sublattice in this structure enables it to release the large lattice strains caused by the high atomic size mismatch among the Si, Ge, Sn, and Bi atoms. This type of distorted lattice was found to efficiently block the transport of phonons and hence lower thermal conductivity for enhancing TE performance. AIMD simulations performed for such a lattice showed that Mg atoms in Mg2(Si, Ge, Sn, Bi) high-entropy thermoelectric material vibrate in a larger space in comparison to other atoms in the temperature range of 300 to 800 K. Highly diffusive characteristics of the Mg atoms are evident from the plotted trajectories, and the calculated atomic mean square displacement from the AIMD simulations is the highest for Mg at all temperatures (Figure 13a). This implies that the addition of temperature contribution to the ab initio calculations through AIMD simulations deepens the understanding of the structural attributes for stabilizing the single-phase structure in high-entropy thermoelectric materials.



Apart from the TE properties, it is also important to understand the mechanical stability of a designed high-entropy TE material. Ab initio calculations can be employed to deduce the elastic constants in the elastic tensor of the corresponding crystal structure, which can be related to the strength of the material. Hooke’s law is used to obtain the elastic constants (    C   i j    ), as shown below.


    σ   i   =   ∑  j = 1   6      C   i j     ϵ   j      



(6)




where i and j are in the range of 1 to 6. The stress (    σ   i    ) can be obtained by applying different strains (    ϵ   j    ) to the input crystal structure. From these calculated elastic constants, other related quantities, such as the elastic modulus (  E  ), shear modulus (  G  ), bulk modulus (  B  ), and Poisson’s ratio (    η   P    ) can be estimated for a material using the Voigt–Reuss–Hill approximation [91,92]. This type of simulation was applied to PbSbSeTeS high-entropy TE material for a 1080-atom supercell, and the elastic constants were calculated for this structure [90]. It should be noted that the machinability of a material is controlled by the elastic constant     C   44     and bulk modulus, which is known as machinability index (    μ   M    ) and is given as follows.


    μ   M   =   B     C   44      



(7)







Figure 13b shows the machinability index as a function of alloying content (Se, Te, and S variation) for PbSbSeTeS high-entropy TE material determined by bulk modulus and elastic constants computed using DFT-based ab initio calculations. A higher machinability index indicates that the material has better manufacturability and acts as a measure of the plasticity and lubricating nature of a material [93]. Hence, it is crucial to estimate the machinability index for improving the fabricability of a designed high-entropy thermoelectric material, along with its TE performance evaluation.




5.2. CALPHAD Method


Phase diagrams serve as a roadmap for materials design and process optimization. CALPHAD [94,95] is a powerful technique employed for the generation of phase diagrams for multicomponent alloys of commercial interest. In a nutshell, the CALPHAD technique can be defined as a computer-assisted modeling procedure with experimental and theoretical data as input for generating thermodynamic databases to predict phase equilibria and thermodynamic properties. Although it was initially devised for calculating the phase diagrams in the equilibrium regime, this technique is currently being extended into modeling techniques applied in non-equilibrium regimes (such as diffusion and precipitation simulations). More recently, this technique has also been extended for modeling the thermophysical properties of materials by storing the target property as a function of temperature and chemical composition, which is expected to serve as a useful input for other types of simulations related to thermal and manufacturing process modeling. The major advantage of using this approach is the ease of estimating the properties of multicomponent systems by extrapolation of properties from bounding lower-order systems [95].



For the design of high-entropy thermoelectric alloys, the CALPHAD method can be employed effectively for microstructure design and thermophysical property evaluation. The CALPHAD method provides insights into phase stability and transformation temperatures to achieve compositional uniformity and solubility limits to understand the maximum doping concentration and solidification path for understanding the final microstructure [96]. These attributes directly influence the TE performance of materials with efficient microstructural design. The pseudo-ternary HfNiSn–TiNiSn–ZrNiSn phase diagram from the (Hf, Ti, Zr)NiSn system was plotted using the CALPHAD method to theoretically develop an understanding of the phase separation characteristics, which are useful for enhancing the thermoelectric properties of this alloy system in the temperature range of 500–1300 K [97], as shown in Figure 14a.



Moreover, phase boundary mapping for studying the different thermodynamic states arising due to differing chemical potential within various phase regions of a phase diagram can be applied to understand defect formation energies and related properties [98]. This has been implemented for several stable phases, such as the Zintl phase (Ca9Zn4+xSb9) in the Ca-Zn-Sb system [99] and the Yb-doped CoSb3 phase in the Yb-Co-Sb system [100]. In addition, the CALPHAD technique can be conveniently integrated with other approaches, such as phase-field modeling and finite element analysis, to guide microstructural evolution during the fabrication of TE materials [96]. Such modeling efforts are currently not available in the open literature and require further attention to improve the fabricability and microstructural features of TE materials.



Another crucial attribute for assessing the TE behavior of a material using the CALPHAD technique is the determination of the thermophysical properties required for evaluating the figure of merit to tune the TE behavior of a material. Thermophysical property databases are currently available for computing properties such as thermal conductivity and electrical resistivity. Although these properties can be evaluated using ab initio methods, as explained in the previous subsection, the CALPHAD approach outshines the ab initio calculations in predicting properties as a function of composition and temperature coupled with phase equilibria of the material. Hence, the values calculated using ab initio calculations can serve as useful inputs for the development of CALPHAD-based thermophysical property databases. In addition, other useful properties, such as carrier concentration [101] and scattering strength [102], can be evaluated using this method, which will complement the multicomponent thermoelectric material design.



Currently, CALPHAD-type assessments are available for carrier concentration in binary Pb-Se systems [101], which will be useful for extension to the multicomponent high-entropy alloy-type systems (Figure 14b). However, additional efforts are necessary to implement this approach in other well-known thermoelectric material systems. Moreover, the scattering strength (Γ), which quantifies the reduction of the electronic and thermal transport in alloy mixtures, had a functional form similar to the excess Gibbs energy (known as the Redlich Kister polynomial) in the CALPHAD method, which can be extrapolated to multicomponent systems, as shown in Figure 14c [102]. This proves that CALPHAD-type expressions can be developed for several thermophysical properties that are required to determine the TE behavior of lower-order subsystems (binary and ternary systems), and the extrapolation scheme implemented using the CALPHAD method can predict the properties of a multicomponent system with fair accuracy, aiding the design of new high-entropy TE materials.



At present, there is a dearth of thermodynamic and thermophysical databases for well-known thermoelectric binary and ternary alloy systems. This limits the possibility of exploring the effectiveness of the CALPHAD method for the design of high-entropy TE materials as an extension of the currently known TE materials. Reliable modeling efforts are crucial to building these databases with high fidelity for lower-order (binary and ternary) systems. This necessitates thorough experimental investigations and precise ab initio calculations to design these multicomponent alloys. Efficient extrapolation to high-order systems is possible only if the databases for lower-order systems are of high fidelity. The thermodynamic and thermophysical databases can be efficiently used for high-throughput alloy screening with composition, phase equilibria, and target property as the attributes for efficient discovery of new high-entropy TE materials in an expanded chemical space.
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Figure 14. (a) Isotherms at different temperatures in the pseudo-ternary HfNiSn-TiNiSn-ZrNiSn system with the phase limit of Ti-rich and Hf,Zr-rich phases indicated to determine the 2-phase region. Reprinted with permission from [97]. Copyright (2017) Elsevier. (b) Comparison between the carrier concentration of PbSe phase under Pb-rich conditions in the Pb-Se system determined using CALPHAD- and DFT-based ab initio calculations along with experimental data. Reproduced with permission from [101]. Copyright (2019) Elsevier. (c) Schematic showing the geometric extrapolation by the Muggianu model for determining the ternary excess quantity from a weighted sum of corresponding binary excess quantities. Reproduced with permission from [102]. Copyright (2022) Wiley-VCH. 






Figure 14. (a) Isotherms at different temperatures in the pseudo-ternary HfNiSn-TiNiSn-ZrNiSn system with the phase limit of Ti-rich and Hf,Zr-rich phases indicated to determine the 2-phase region. Reprinted with permission from [97]. Copyright (2017) Elsevier. (b) Comparison between the carrier concentration of PbSe phase under Pb-rich conditions in the Pb-Se system determined using CALPHAD- and DFT-based ab initio calculations along with experimental data. Reproduced with permission from [101]. Copyright (2019) Elsevier. (c) Schematic showing the geometric extrapolation by the Muggianu model for determining the ternary excess quantity from a weighted sum of corresponding binary excess quantities. Reproduced with permission from [102]. Copyright (2022) Wiley-VCH.



[image: Crystals 14 00432 g014]






5.3. Data-Driven Methods


With the advent of artificial intelligence, the recent trend for new material discovery is to apply machine learning and data-driven screening approaches in the multielement chemical space. Materials informatics is a research field that applies the principles of informatics to the materials science and engineering fields [103]. It is attracting considerable attention due to its ability to predict material properties and accelerate the development of new materials. It not only significantly lessens the development cycle for new materials but also offers a novel and efficient approach to advancing materials science and engineering. A huge volume of datasets will be required for screening the optimum composition and properties with good accuracy to efficiently implement the machine learning and data-driven techniques. Although there are few works reporting the application of materials informatics for thermoelectric compounds [104,105,106,107], efforts toward the design of high-entropy thermoelectric materials using data-driven methods are very scarce. The cation–sulfur bond length of diamond-like compounds containing Cu and S identified by screening the Inorganic Crystal Structure Database (ICSD) was used as a chemical descriptor to design a high-entropy sulfide with good thermoelectric performance, as shown in Figure 15a [107]. The developed data-driven model chose suitable elements to reduce the enthalpy of formation and, hence, increase the probability of forming a single-phase solid solution. Using this approach, two high-entropy sulfides with high zT, namely, Cu5SnMgGeZnS9, which was metallic in nature, and Cu3SnMgInZnS7, with semiconducting properties, finally claim that this approach can be implemented to discover new high-entropy functional materials in a largely unexplored multielement chemical space. Similarly, optimal composition ranges with high thermoelectric performance were discovered for Cu2S–Cu2Se–Cu2Te multicomponent solid solutions using a data-driven searching approach by predicting the contouring diagrams from known experimental data for different attributes, such as Hall carrier concentration, weighted mobility, electrical conductivity, Seebeck coefficient, thermal conductivity, and figure of merit (Figure 15b) [108]. Although machine learning has succeeded in predicting unobserved data by learning complex patterns, the ability to interpret what a model has learned is receiving great attention. Therefore, an interpretable machine learning method was formulated such that the relevant knowledge from a machine learning model concerning relationships either contained within the data or learned from the model could be extracted [109]. An interpretable machine learning framework was recently employed to design a GeTe-based high-entropy TE material under different temperatures and chemical compositions [110]. The initial set of material descriptors chosen were atomic number, atomic mass, atomic radius, molar volume, electronegativity, ionization energy, valence electrons, and temperature. Eventually, with the aid of the Shapley additive explanations (SHAP) method [111], the descriptor found to have the greatest effect on the figure of merit of thermoelectric materials was temperature, which was followed by molar volume and electronegativity (Figure 16). Using this framework, GeTeSbSnSe high-entropy TE material with improved TE performance and low-cost requirement was designed. With only a few works available in the literature, it is evident that further efforts directed toward the use of data-driven methods for the discovery of high-entropy TE materials are necessary for accelerated design of new alloys.





6. Concluding Remarks


Entropy engineering in TE materials represents a cutting-edge area of research with significant potential for revolutionizing energy conversion technologies. The reviewed advancements underscore the importance of a multidisciplinary approach to optimizing entropy-related properties and pave the way for the next generation of efficient TE devices.



The challenges lie in how to design elements that can enhance     m   *     and S and minimize κL simultaneously, with adequate carrier concentration to compensate for the deterioration of     μ   H     due to an increase in   ∆   S   c o n f    . Moreover, what to alloy, how much to alloy, and which site(s) to alloy/dope should be the design strategy while adopting entropy engineering for TE materials. The effects of entropy engineering can be summarized as follows:




	(1)

	
  ∆   S   c o n f     increases with an increase in the number of elements. By increasing   ∆   S   c o n f    , the solid solubility is extended, and more stable and high-symmetry crystal structures are formed [30,112].




	(2)

	
  ∆   S   c o n f     reduces the phase transition temperature, thereby extending the stability region of high-symmetry crystal structures over a wide range of temperatures [50]. The high-symmetry crystal structures lead to large band degeneracy and form overlapping or multiple bands near the Fermi level. This results in more equivalent positions in real and reciprocal space, thereby increasing the density of states and     m   *    , which in turn improves   S   [30,50,113].









The usage of multiple elements with different atomic sizes and masses results in significant fluctuations of strain fields associated with them, causing severe lattice distortion. This further reduces phonon velocity, increases scattering, and reduces κL. However, the lattice distortion can also affect     μ   H     and   σ  , which may deteriorate   z T   performance. Therefore, a comprehensive consideration to compensate for the reduction of     μ   H     by improving   S   and reducing κL is needed to obtain a high   z T   [102,113]. It is worth noting that it is crucial to further employ electron microscopy, atomic force microscopy, and atomic probe tomography and develop new characterization methods to analyze and understand the electron/phonon transport and mechanical behaviors on microstructure and defect levels since many fundamental mechanisms based on entropy-engineering are still unclear. The mechanical behavior of TE devices and materials depends largely on the microstructure, composition, phase purity, grain size, and phase stability at high temperatures. Recently, the incorporation of architected structures has been utilized to improve the toughening mechanisms of TE alloys [58,114,115]. However, more studies are required to draw constructive conclusions about high-entropy TE materials. It is hypothesized that lattice distortion and solid solution strengthening due to the use of multicomponent elements in TE alloys results in their higher performance. The area is still developing, and there is a significant scope for in-depth research.



While entropy engineering has shown remarkable progress, challenges remain. Achieving a delicate balance between enhanced entropy and other material properties is essential. Moreover, scalable synthesis methods for these advanced materials need to be developed for practical applications. Collaborative efforts across disciplines, including materials science, physics, and engineering, will be crucial to overcoming these challenges. As research in this field continues to evolve, the prospects for sustainable and energy-efficient solutions appear increasingly promising.
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Figure 1. (a) Carrier concentration-dependent TE parameters. Reproduced with permission from [22]. Copyright (2008) Springer Nature. (b) Schematic of lattice distortion generated in the short-range order of a high-entropy material. Reproduced with permission from [28]. Copyright (2023) Wiley-VCH. (c) Core effects of HEAs. 
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Figure 3. (a) The calculated S, H, and G as a function of S/Te and Sn content in high-entropy engineered Pb0.99−ySb0.012SnySe1−2xTexSx alloy, demonstrating structural stabilization through minimization of ΔG. Reproduced with permission from [8]. Copyright (2021) AAAS. (b) Structural phase transition temperature of GeTe-based alloy shifts towards low temperature with an increase in entropy (ΔS): entropy-driven crystal symmetry of high-entropy alloy. Reproduced with permission from [36]. Copyright (2019) Royal Society of Chemistry. (c) Enhancement of interaxial angle with an increase in ΔS indicating the enhancement of crystal structural symmetry. Reproduced with permission from [36]. Copyright (2019) Royal Society of Chemistry. 
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Figure 4. (a) Calculated band structures of PbSe-based high-entropy alloys. (b) Schematic diagram of band convergence by alloying Cd, Se, and S to PbSe. Reprinted with permission from [9]. Copyright (2021) Jiang et al. Distributed under the Creative Commons Attribution 4.0 License (c) A comparison of the PF of high-entropy engineered materials. Data taken from the references [8,9,10,12,18,38,39,42,43,51]. 
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Figure 5. (a) Schematic diagram of all-scale hierarchical structures (point defects, planar defects, nanoprecipitates, and mesoscopic precipitates) and accumulated lattice thermal conductivity (the red line) as a function of the phonon mean free path. Reproduced with permission from [9]. Copyright Jiang et al. Distributed under the Creative Commons Attribution 4.0 License. (b) Metastable cubic phase stabilized in high-entropy Cu2−yAgy(InxSn1−x)Se2S nanostructured solids (left), which demonstrated low thermal conductivity (right). Reproduced with permission from [49]. Copyright (2022) Royal Society of Chemistry. 
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Figure 6. A plot of hardness vs. modulus of various TE alloys in comparison to other materials. Reprinted with permission from [67]. Copyright (2017) Elsevier. 
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Figure 7. Schematic diagram of the compression fracture mechanism of Zr0.5Hf0.5NiSn0.985Sb0.015 at different temperatures: (a) room temperature (300 K), (b) medium temperatures (500 and 700 K), and (c) high temperatures (900 and 1100 K). Reprinted with permission from [69]. Copyright (2024) Elsevier. 
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Figure 8. Double-logarithmic plots of minimum strain rate vs. (a) stress and (b) stiffness-compensated stress. The plot shows creep data of all TE alloys tested in the literature along with their homologous temperature. Reprinted with permission from [70]. Copyright (2019) Elsevier. 
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Figure 9. Schematic diagram of mechanical failure of various thermoelectric devices. Reprinted with permission from [57]. Copyright (2023) Elsevier. 






Figure 9. Schematic diagram of mechanical failure of various thermoelectric devices. Reprinted with permission from [57]. Copyright (2023) Elsevier.



[image: Crystals 14 00432 g009]







[image: Crystals 14 00432 g010] 





Figure 10. Classification of various computational tools that can be employed for the design of high-entropy TE materials, along with their limitations. 
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Figure 11. (a) Schematic of 64-atom supercell generated using a special quasirandom structure with the mixing of Pb and Sn atoms in one lattice site and the mixing of Se and Te atoms in the other lattice site in PbSnTeSe high-entropy thermoelectric material. Reprinted with permission from [81]. Copyright (2023) MDPI. (b) Enthalpy of formation of high-entropy thermoelectric and other related compounds for the high-entropy and half-Heusler thermoelectric materials calculated using density functional theory-based ab initio calculations. Reproduced with permission from [82]. Copyright (2023) Springer Nature. 
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Figure 12. Calculated (a) Seebeck coefficient (S), (b) electrical conductivity (σ), (c) electronic thermal conductivity (κe), and (d) PF (S2σ) for Ti0.75HfMo0.25CrGe high-entropy TE material using BoltzTrap. Reprinted with permission from [88]. Copyright (2018) AIP Publishing. 
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Figure 13. (a) Atomic mean square displacement (MSD) for Mg, Si, Ge, Sn, and Bi as a function of temperature obtained using ab initio molecular dynamics simulations for Mg2(Si, Ge, Ge, Sn, Bi) high-entropy TE material. Reproduced with permission from [38]. Copyright (2023) Royal Society of Chemistry. (b) Calculated machinability index for Pb0.99Sb0.012Se1−2xTexSx high-entropy thermoelectric material with varying x content obtained using DFT-based ab initio calculations for a 1080 atom supercell. Reproduced with permission from [90]. Copyright (2023) Springer Nature. 
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Figure 15. (a) Data-driven design of diamond-like compounds containing Cu and S with high TE performance (inset) using the cation–sulfur bond length as a chemical descriptor. Reprinted with permission from [107]. Copyright (2018) American Society of Chemistry. (b) Contour diagram of zT for Cu2S–Cu2Se–Cu2Te solid solutions showing that the optimum compositions with high TE performance are near Cu2Se and in the middle of Cu2S and Cu2Te (dashed circle). Reprinted with permission from [108]. Copyright (2022) Elsevier. 
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Figure 16. (a) Average impact on model output magnitude (y-axis denotes the features, and x-axis denotes the average of the absolute values of the SHAP values for all samples influenced by each feature). (b) Effect of each feature on the output of the model (y-axis denotes the features, and x-axis denotes the SHAP values of all samples influenced by each feature). Reprinted with permission from [110]. Copyright (2023) American Society of Chemistry. 
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Table 1. Influence of entropy engineering on various TE properties.
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Factors

	
Advantages of Materials

	
Entropy Engineering Effects






	
Composition

	
The compositional variation affects   ∆   S   c o n f     and extends solid solubility

	
Structural stabilization and cocktail effect




	
Access to increased composition space in a multicomponent domain

	
Structural stabilization due to   ∆   S   c o n f    




	
Electrical

	
Changes in band structure and defect density, high electrical conductivity

	
  ∆   S   c o n f    , lattice distorsion, cocktail effect




	
Thermal

	
Lower thermal conductivity

	
Lattice distortion induced phonon scattering




	
Mechanical

	
Distortion modified defect interaction

	
Lattice distortion, cocktail effect
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