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Abstract

:

Thermoelectric material is a new energy material that can realize the direct conversion of thermal energy and electric energy. It has important and wide applications in the fields of the recycling of industrial waste heat and automobile exhaust, efficient refrigeration of the next generation of integrated circuits and full spectrum solar power generation. Skutterudites have attracted much attention because of their excellent electrical transport performance in the medium temperature region. In order to obtain skutterudites with excellent properties, it is indispensable to choose an appropriate preparation method. This review summarizes some traditional and advanced preparation methods of skutterudites in recent years. The basic principles of these preparation methods are briefly introduced. Single-phase skutterudites can be successfully obtained by these preparation methods. The study of these preparation methods also provides technical support for the rapid, low-cost and large-scale preparation of high-performance thermoelectric materials.
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1. Introduction


The global consumption of nonrenewable energy is increasing rapidly and the total amount of energy consumed is more than half of the known reserves. If we do not carry out planned exploitation and develop new energy, the nonrenewable resources on the earth will be gradually exhausted [1]. With the overexploitation and use of underground energy, the carbon balance on the earth’s surface has been broken, resulting in a series of environmental problems such as the greenhouse effect. Therefore, it is urgent to develop renewable and sustainable new energy. In addition, the maximum energy efficiency of engines is about 41% [2]. Most of the remaining energy is consumed in other forms and cannot be effectively utilized. Thermoelectric (TE) material is a kind of new energy functional material, which can directly convert electric energy and heat energy into each other using the Seebeck effect and the Peltier effect [3,4]. Therefore, TE materials can convert lost energy into electric energy for human use through the Seebeck effect. The TE conversion efficiency of devices made of TE materials is relatively low. To improve the conversion efficiency of devices, the key is to improve the TE figure of merit ZT of materials [5,6,7,8].



The expression of ZT is as follows:


   Z T =    α 2  σ  κ  T   



(1)




where α is the Seebeck coefficient of the material (μV/K); T is the absolute temperature (K); σ is the conductivity of the material (S/m); and κ is the total thermal conductivity of the material (W/m·K) (including electronic thermal conductivity κE and lattice thermal conductivity κL). From the above equation, in order to obtain a high ZT value, it is necessary to increase the power factor (    α 2  σ   ) while reducing the total thermal conductivity of the material. Since an increase in the Seebeck coefficient of the material usually causes a decrease in the electrical conductivity, the electronic thermal conductivity and electrical conductivity are positively correlated. Therefore, the increase or decrease of one variable cannot simply be considered. How to ensure the increase of     α 2  σ    and the decrease of thermal conductivity is the key to enhancing the ZT value of TE materials.



In the 1990s, Slack was the first to put forward the ideal concept of “phonon glass electronic crystal” [9]. Slack pointed out that high-performance TE materials should have the same low thermal conductivity as glass and the same high conductivity as crystals. Since then, people have successively discovered clathrates with this feature [9]. Skutterudites are materials with this typical cage structure [10,11,12,13,14]. Filling in the icosahedral gap consisting of 12 Sb atoms with other impurity atoms can achieve independent electron and phonon synergistic modulation and significantly enhance the TE properties of skutterudites. In recent years, skutterudites have been dramatically improved by doping the framework atoms or filling the icosahedral voids and introducing the nano inclusions, with ZT values increasing from 1.0 to about 2.0 [15,16,17,18,19,20,21,22,23,24,25,26]. Wang et al. [15] prepared YbxCo4Sb12-filled skutterudite that could reach ZT values of about 1.5. The ZT value of polyatomic filled skutterudite (R, Ba, Yb)yCo4Sb12 (R = Sr, La, Mm, DD, SrMm, SrDD) prepared by Rogl et al. [16] can even reach about 2.0. In addition to enhancing their properties by means of optimized doping and filling, these skutterudite materials have been prepared using some suitable preparation methods to obtain rich microstructures with independent electronic and phonon synergistic regulation, resulting in high ZT values. Therefore, the preparation methods are crucial to obtain high-performance skutterudites. In this review, we summarize some conventional and advanced preparation methods for skutterudite materials in recent years (Figure 1). Using these preparation methods, better performance skutterudites were successfully obtained. The study of these preparation methods also provides technical support for the rapid and low-cost large-scale preparation of high-performance TE materials.




2. Traditional Preparation Methods


2.1. Melt Growth Method


For the melt growth method, there is no destructive phase transition. Homo-component melted compounds or high-purity monomers with low vapor pressure/dissociation pressure are ideal materials for melt growth to obtain high-quality single crystals. Its growth process is accomplished by the movement of the solid–liquid interface, which is a directional solidification process under controlled conditions. Its quality is difficult to control because a finite solid solution is formed during its growth. In experiments, the required elements are often added in calculated proportions to obtain the target material after melting. This preparation method is also used to prepare skutterudite materials [28,29,30]. Pillaca et al. [28] successfully grew impurity-free single crystals of CoSb3 using the tilted rotating Bridgman method (Figure 2a,b), whose single crystal growth was achieved in the high-temperature liquid phase with a high concentration of Sb. The single-phase CoSb3 single crystals were finally prepared by first sealing the required raw materials in ampoules by mixing them thoroughly, followed by tilting the ampoules in a Bridgman-type crystal growth apparatus at an angle of 15° with respect to the horizon (Figure 2c), and finally by ramping up the cooling rate according to a constant rotation speed and temperature. Caillat et al. [29] prepared single crystals of the skutterudite phase using a melting vertical gradient cooling technique. The raw materials were sealed in a vacuum quartz tube in a certain ratio, melted and cooled by a melting furnace with a temperature difference, and finally, single-crystal CoSb3 and RhSb3 compounds were obtained.




2.2. Solvothermal Method


The solvothermal method is also known as the hydrothermal method. As the name implies, the chemical reaction is carried out under moist conditions. The specific implementation involves placing a certain proportion of high-purity raw materials together with the selected solvent in a reaction kettle. When the kettle is heated at the appropriate temperature, high temperature and pressure will be formed inside the kettle, which in turn will produce the desired target material. Since the ratio of reactants and the external environment can be controlled artificially, the advantages of this reaction are: the hydrothermal method facilitates the control of the reaction kinetics and is more conducive to adjusting the shape and structure of the products; the solvothermal method generates materials with better crystallinity, faster reaction rate, and lower reaction temperature, which allows the synthesis of low-temperature isomers more easily. Therefore, this method is also used to prepare skutterudites [13,31,32,33]. One drawback of the solvent thermal method is that the yields of the prepared target materials are generally low, and further optimization of the conditions is needed to enhance the yields of the target products.



Qin et al. [31] used KOH, TeO2, Co(NO3)2·6H2O, SbCl3, In(NO3)3·4.5H2O as raw materials, KBH4 as a reducing agent, and deionized water as solvent for hydrothermal synthesis at 180 °C for 48 h, followed by heat treatment and finally under vacuum to prepare bulk In-filled and Te-doped CoSb3 samples by hot-press sintering at 650 °C for 80 MPa. The electrical transport properties showed that the longer annealed In-filled and Te-doped CoSb3 samples had good electrical properties with the highest power factor of 38.4 μW·cm−1·K−2 at about 300 °C (Figure 3a). Kumar et al. [32] used a solvent–hydrothermal method to synthesize Sr-filled SryCoSb3 (y = 0, 0.025, 0.05, 0.075, 0.1) nanoparticles (Figure 3b). The ultraviolet-visible spectral analysis showed that the peak shifted toward the long-wave direction with the increase of Sr filling (Figure 3c), which proved that Sr successfully filled the voids of the CoSb3 cage structure. The PXRD spectral analysis concluded that the spatial structure of CoSb3 is bcc structure, and the space group is Im-3. It was also found that the spectral peak (013) of the sample after Sr filling was shifted to a high angle (Figure 3d) and a broad high intensity peak appears. Gharleghi et al. [33] synthesized n-type CoSb3 materials with nanostructures using a fast hydrothermal method combined with evacuation and sealed heating (Figure 3e). The materials with CoSb3 as the main phase were synthesized at different hydrothermal temperatures, and the impurities could be effectively removed to obtain single-phase CoSb3 materials by increasing the hydrothermal temperature. The CoSb3 material with nanostructure has a very low thermal conductivity at room temperature (Figure 3f).



In summary, skutterudite materials with nanostructures can be successfully prepared by the solvothermal method, and the abundant nanostructures can increase the grain boundaries of scattered phonons and significantly reduce the lattice thermal conductivity of the materials [34]. Meanwhile, the quantum confinement effect generated by the low-dimensional nanostructure causes an increase in the density of states near the Fermi surface of the material, which can effectively enhance the Seebeck coefficient. Thus, a synergistic regulation of the electrical and thermal transport properties of thermoelectric materials is achieved, which ultimately improves their ZT values.




2.3. Solid Phase Reaction Method


The solid phase reaction method, also called melt annealing method, is one of the traditional methods for the preparation of skutterudite materials [35,36,37,38,39,40]. In this method, pure monomers or compounds are weighed, mixed, pressed into shape, vacuum sealed according to the reaction ratio and then subjected to a long solid phase reaction at high temperatures. The method is simple to operate and the temperature is easily controlled. The preparation time of the material is long and the cost is high. Su et al. [40] synthesized single-phase CoSb2.75Ge0.25−xTex (x = 0.125~0.20) skutterudite compounds using melt quenching, annealing and spark plasma sintering (SPS) methods. The doping of Te and Ge led to the in situ generation of special nanostructures inside the material (about 30 nm) (Figure 4a), which, combined with the strain fluctuations caused by Te and Ge doping, led to a significant suppression of heat transfer phonons inside the material and a significant reduction of thermal conductivity (Figure 4b). In addition, the doping of Te also optimizes the mobility, significantly enhancing the electrical conductivity (Figure 4c) and TE power factor of the material. As a result, the ZT value of the CoSb2.75Ge0.05Te0.20 sample can exceed 1.1 at 527 °C, which is higher than the performance of some single-filled n-type skutterudite compounds. In conclusion, the thermoelectric materials prepared by solid state reaction are compact in structure, uniform in components and stable in performance, making it a good method for the preparation of skutterudite materials.




2.4. Mechanical Alloying Method


The mechanical alloying method is a preparation technique in which several monolithic powder particles are put into a high-energy planetary ball mill in a specific ratio, after which the powder particles are impressed, squeezed, and ground for a long time to cause the diffusion of atoms among the powder particles to obtain nanoscale alloyed powders [41]. Due to the extremely high purity requirements of the mechanical alloying on the monolithic powder, it is theoretically possible to achieve real interatomic bonding and the formation of homogeneous compounds in a sufficiently long-time state. In fact, the obtained material only reaches or tends to the atomic level in some states, forming compounds of homogeneous composition. This method is also often used to prepare the skutterudite materials [42,43,44,45,46]. Ur et al. [42] synthesized FexCo4-xSb12 (0 ≤ x ≤ 2.5), Fe-doped skutterudite by mechanical alloying using a high-purity monolithic powder as a starting material. It was found that single-phase skutterudite with a nanostructure could be successfully prepared by introducing Fe doping when x ≤ 1.5; when x ≥ 2, the material forms a second phase. x ≤ 1.5 samples have lower lattice thermal conductivity due to the introduction of Fe to increase the nanostructure, which causes strong phonon scattering and thus improves the TE properties. x = 1.5 samples have a ZT value reaching 0.3 at 600 K (Figure 5a). Liu et al. [43] used a combination of mechanical alloying and the SPS preparation process to obtain polycrystalline CoSb3 materials. The grain sizes of the materials obtained at different SPS sintering temperatures (600 °C, 500 °C, 400 °C and 300 °C) were different, as shown in Figure 5(b–e). The grain size increased from 50 to 300 nm when the temperature was increased from 300 °C to 600 °C. It was shown that mechanical alloying combined with SPS could obtain nanostructured materials with significantly lower thermal conductivity compared to CoSb3 materials prepared by other methods [45], as shown in Figure 5f. Trivedi et al. [45] used a high-energy ball-milling and SPS sintering technique to successfully fabricate Ni-doped and Dy-filled CoSb3 material. Although the Seebeck coefficient of the doped material did not change much, Ni replaced the defects caused by Co (Figure 5g) and grain boundary-enhanced phonon scattering, which reduced the thermal conductivity of the lattice. This study also found a significant decrease in resistivity with increasing Ni doping concentration at higher temperatures, leading to an increase in the power factor of the prepared ternary material Dy0.4Co3.2Ni0.8Sb12 and reaching a maximum value of 5.2 mW/(m·K2) (Figure 5h). Rogl et al. [46] prepared multi-filled n-type skutterudite (Sr, Ba, Yb, In)yCo4Sb12 by high energy ball milling and hot pressing, using a raw material that was doped with a certain percentage of In0.4Co4Sb12 in (Sr, Ba, Yb)yCo4Sb12. It was found by analysis that In entered the Sb12 dodecahedral voids of the cubic cobaltite regardless of the percentage of doping. At the same time, the total thermal conductivity of the material decreases with increasing In content. As a result, the prepared samples were characterized by small particles, high power factor and low thermal conductivity, and the prepared samples reached a maximum ZT of 1.8 at 550 °C (Figure 5i).



In summary, like the solvothermal method, the mechanical alloying method can also prepare high-performance TE materials with abundant nanostructures by high-energy ball milling. The yield of TE materials synthesized by the mechanical alloying method is significantly higher compared to the solvothermal method. For the mass production of TE materials, the mechanical alloying method is significantly better than the solvothermal method.





3. New Preparation Methods


3.1. Melt Spinning


Melt spinning is one of the new methods for the preparation of TE materials at present [47,48,49,50,51,52]. This method is performed by weighing and mixing a certain stoichiometric amount of high-purity single elements in a vacuum quartz tube, heating it above the melting point of the material for a certain time, and then quenching it. Finally, the sample is subjected to melt-spin at a certain speed, after which the finished product can be annealed and sintered to obtain the bulk material. A p-type Ce-filled skutterudite material Ce0.9Fe3CoSb12 was prepared by Jie et al. [49] using both equilibrium (conventional solid phase method) and non-equilibrium (melt-spin) methods. By studying the fracture surface scanning electron microscopy (FESEM) image of the material (Figure 6a), it was found that the fracture direction of the material tends to propagate more along the grain boundaries (which may have good fracture strength), and the grain size (nano size) is much smaller than that prepared by the conventional method. Compared with the Ce0.9Fe3CoSb12 material prepared by the conventional solid-phase reaction, the material prepared by the melt spinning has abundant nano-grain boundaries that can significantly scatter phonons as well as a large number of defects that significantly reduce the thermal conductivity (Figure 6b). At the same time, the quantum-limited domain effect generated by the low-dimensional nanostructure causes an increase in the density of states near the Fermi surface of the Ce0.9Fe3CoSb12 material, which can effectively increase the Seebeck coefficient and thus the power factor of the material (Figure 6c).



Son et al. [50] prepared single-phase polycrystalline Yb0.9Fe3CoSb12 TE materials with high-density grain boundaries and nanostructures by means of melt spinning and spark plasma sintering (MS−SPS). This high density of grain boundaries and nanostructure (Figure 6d) has a strong scattering effect on phonons, resulting in a material with a low thermal conductivity (Figure 6e). The Yb0.9Fe3CoSb12 sample prepared by the MS−SPS process after annealing at 120 h (TA 120h−MS−SPS) had the highest ZT value of 0.7 (Figure 6f).



Like the solvothermal and mechanical alloying methods, the melt-spinning method can prepare high-performance TE materials with abundant nanostructures. Moreover, the preparation time of the melt-spinning method is shorter than that of the mechanical alloying method, which can prepare TE materials more rapidly and is more suitable for mass production.




3.2. High-Temperature and High-Pressure Method


The high-temperature and high-pressure (HTHP) method is one of the effective methods to prepare high-performance skutterudites [53,54,55,56,57,58]. Generally, the experimental raw materials are weighed in a fixed proportion, fully ground under Ar atmosphere (to prevent the material from being oxidized), and later placed in a vessel for sintering at a certain temperature and pressure. This method is convenient for controlling the external temperature and pressure conditions, while it can greatly reduce the experimental time and has important practical significance in large-scale production. Han et al. [55] prepared Te-doped filled skutterudites under different pressure conditions using a high temperature and high-pressure method and investigated the synergistic relationship between Te doping and pressure regulation. It was found that Te doping could effectively optimize the electrical transport properties of the samples, while some defects appeared in the crystals at high pressure (Figure 7a). This further reduced the lattice thermal conductivity of the materials, and the lattice thermal conductivity of the In0.05Ba0.15Co4Sb11.5Te0.5 samples prepared at 2.0 GPa was only 1.02 W·m−1·K−1 with a maximum ZT value of 1.23 (Figure 7b). Kong et al. [56] synthesized Ni-substituted Ba-filled skutterudite Ba0.3Ni0.15Co3.85Sb12 using the high-temperature and high-pressure method. The electrical transport properties of the material were obviously optimized by the pressure regulation. The thermal transport properties were significantly improved by adding various grain boundaries and generating various lattice distortions (Figure 7c). Figure 7(d–g) shows the FESEM images of the material at 2–3.5 GPa with a vortex-like structure and a smaller average grain size at higher pressures. The synthesis time for this experiment was controlled at 30 min. The ZT value of the sample prepared at a pressure of 3.0 GPa reached 0.91 (Figure 7h). Jiang et al. [57] synthesized Te and Sn co-doped skutterudite CoSb2.75Te0.2Sn0.05 materials using the high-temperature and high-pressure method. This method can shorten the fabrication process to 1 h, which saves a lot of time compared to other traditional methods. Due to the enhanced phonon scattering from point defects caused by the high-temperature and high-pressure method, the thermal conductivity of the material decreased significantly with increasing pressure. The 3 GPa sample prepared at high pressure reached a maximum ZT value of 1.17 (Figure 7i).



These findings indicate that the microstructure of the skutterudite materials prepared under certain high-temperature and high-pressure conditions changes significantly, and some defects that can scatter phonons significantly appear, while the carrier transport is not affected. Thus, the TE properties of the prepared materials can be significantly improved. At the same time, the high-temperature and high-pressure preparation time will be greatly reduced compared to the conventional solid phase reaction method.




3.3. Pulsed Laser Deposition


Pulsed laser deposition (PLD), also known as pulsed laser ablation (PLA), is the use of laser light to bombard a target material so that the bombarded plasma is deposited on a specific substrate to form a thin film. At present, with the continuous development of laser technology, pulsed laser technology is gradually being applied in many material preparation fields [59]. In recent years, pulsed laser deposition has also been applied to the preparation of skutterudite TE films [60,61,62]. This technique has the advantages of a relatively short preparation time, homogeneous film material composition, and no special requirements for the target type. Sarath et al. [60] prepared In and Yb doped CoSb3 thin films using pulsed laser deposition. During the preparation, the process window for the growth of single-phase skutterudite thin films was very narrow. It was found that the information and the increase in surface roughness of CoSb3 after heating in an argon environment may lead to irreversible changes in film resistivity and Seebeck coefficient at 207 °C. The highest power factor of 0.68 W·m−1·K−1 could be obtained for this film at 427 °C (Figure 8a), which is five times lower compared to most of the blocks, probably due to the high resistivity of the film material. Jelinek et al. [61] prepared Yb-filled CoSb3 films using pulsed laser deposition. The films were found to be smoother when the distance from the target material to the substrate was increased, and the conductivity of the films with higher crystallinity of the target material was found to be better. Nanocrystalline films of 50–80 nm were prepared at 270 °C (Figure 8b). The ZT value at room temperature was measured to be about 0.04. The thermal conductivity was calculated for different types and thicknesses of films to be only 0.4−1.3 WK−1m−1. Masarrat et al. [62] deposited single−phase CoSb3 films on a substrate of Si using CoSb3 as a polycrystalline target using a pulsed laser deposition method (Figure 8(c1,c2)). The samples with added Fe have low resistivity and high Seebeck coefficient (Figure 8d) leading to a high power factor, so the TE properties of CoSb3 thin film materials can be significantly enhanced by adjusting the Fe content.




3.4. Magnetron Sputtering


Magnetron sputtering is one of the types of physical vapor deposition (PVD). With the advantages of magnetron sputtering coming to the fore, it has gradually gained wide application [63]. The specific principle is that when the accelerated electrons hit the argon atoms, the resulting argon ions then collide with the target material, causing the bombarded target atoms to be deposited on the substrate to form a thin film. This technique has the characteristics of fast low temperature, large deposition rate, and can be made into a large area of thin film. In recent years, this technique has also been applied to the preparation of skutterudite TE films [64,65,66]. Fan et al. [64] used magnetron sputtering to grow Ag-doped CoSb3 films directly on heated substrates (Figure 9a). It was found that the doped films had a single-phase CoSb3 crystal structure and good crystallinity, and the CoSb3 films with high electrical transport properties could be obtained with the appropriate amount of doping. The films had a maximum power factor of 2.97 × 10−4 W·m−1·K−2 at 0.3% Ag doping (Figure 9b). Zheng et al. [65] prepared CoSb3 films with excess Co and Sb using radio frequency and direct magnetron sputtering. It was shown that the films containing excess Co had n−type conduction behavior and the films containing excess Sb had p−type conduction behavior. The right ratio of Co and Sb can effectively improve the electrical conductivity of the films, and the excess of Sb has a larger carrier mobility (Figure 9c), which results in better electrical transport properties (Figure 9d), and the calculated material power factor reaches 6.9 × 10−4 W·m−1·K−2, which is 10 times higher than that of binary CoSb3 films. Therefore, the authors also speculated that Sb might be an important element to improve the performance of TE materials. Li et al. [66] prepared Ti and In double-doped CoSb3 TE films by magnetron sputtering. By optimizing the sputtering time of CoSb3, Ti and In doped CoSb3 TE films S4 with optimal electrical transport properties were obtained. The experimental conditions for the S4 film samples were 30 min for CoSb3 sputtering, 60 s for Ti sputtering and 30 s for In sputtering.




3.5. Molecular Beam Epitaxy (MBE)


MBE is a novel method for the epitaxial preparation of thin film materials and has also been used in recent years for the preparation of skutterudite TE thin film materials [67,68,69,70,71]. MBE is a novel process for coating on substrates under ultra-high vacuum. The advantages of this preparation method are: (1) the thickness of the film can be precisely controlled at a slower growth rate; (2) the preparation method is a physical process without considering intermediate chemical processes, which can interrupt the progress of the experiment at any time; and (3) the substrate temperature of this method does not need to be too high, which reduces various adverse effects caused by thermal expansion, etc. Daniel et al. [69] deposited CoSb3 thin films with a thickness of 30 nm at different substrate temperatures using the MBE method. It was found that the deposition method and the temperature of the substrate used for the deposition process had a significant effect on the grain size of the CoSb3 films, and the higher the temperature, the smaller the grain size (Figure 10a). After deposition at room temperature, annealing is required to crystallize them, and they can crystallize into phases quickly when deposited at high temperatures. The annealed film has a very smooth surface, less roughness, and possesses a larger single-phase component. In addition, the smaller grain size of the films prepared at higher substrate temperatures allows for lower thermal conductivity. Makogon et al. [71] investigated the phase composition and crystal structure of CoSbx (1.82 ≤ x ≤ 4.16) nanofilms grown on oxidized single-crystal silicon substrates using MBE at 200 °C. It was found that increasing the percentage of Sb in CoSbx produced different substances (Figure 10b): when the content of Sb was 64.5%, the films consisted of CoSb2; when the content of Sb was 64.5% to 75%, the films consisted of CoSb2 and CoSb3; when the content of Sb was 75%, the films consisted of CoSb3; when the content of Sb exceeded 75%, the films consisted of CoSb3 and Sb. Figure 10c presents the resistivity of the skutterudite films with different Sb contents. It can be seen that the variation of Sb content has a large effect on the resistivity of the prepared thin film material.



Three novel preparation methods, namely, pulsed laser deposition, magnetron sputtering and molecular beam epitaxy, can be used to obtain low-dimensional skutterudite thin film materials. It is expected to provide technical support for the preparation of miniaturized and efficient TE devices.




3.6. Self-Spreading High-Temperature Synthetic (SHS)


The self-spreading high-temperature synthetic process is also called combustion synthesis technology (SHS) [72,73,74]. This technology uses external energy to initiate chemical reactions. Then, the exothermic reaction is used to initiate new chemical reactions. Thus, the chemical reaction will spread to the whole reactor. Finally, the target product can be obtained. Su et al. [75] proposed for the first time the use of SHS for the rapid preparation of TE materials. This article also reported a high-performance Cu2Se TE material. Because this technology has the characteristics of high purity of products, low energy consumption, simple equipment and short reaction time, TE researchers have rapidly prepared high-performance TE materials of different systems through SHS [27,76,77,78]. Liang et al. [27] applied SHS to the synthesis of CoSb3 TE materials for the first time. In this experiment, the single-phase CoSb3 material was quickly synthesized by igniting the powder of Co and Sb (Figure 11a) using the characteristics of heat released by chemical reaction. Then, CoSb3−xTex bulk materials were prepared by plasma-activated sintering (PAS). The bulk materials prepared by SHS-PAS have rich nanostructures (Figure 11b). Combined with Te-doping to control the carrier concentration of the material, the electrical conductivity of the material is improved. As a result, the maximum ZT value of this sample at 547 °C is 0.98 (Figure 11c), which is the CoSb2.85Te0.15 sample prepared by SHS-PAS. This method reduces the traditional preparation time to about 20 min, which provides a new idea for the large-scale industrial application of TE materials in the future.




3.7. Microwave Sintering


At present, 300~3 × 105 MHz is generally defined as the microwave frequency band. Its wavelength is 1~1 × 103 mm. In practice, the microwave frequency band used in microwave sintering is 2.45 × 103 MHz. Because microwaves can be absorbed by materials, it changes from electromagnetic energy to thermal energy in the material, which makes the material temperature rise rapidly and realizes the purpose of sintering. Compared with traditional sintering, microwave sintering has the characteristics of short sintering time, selective sintering and energy saving. Thus, the sintering process has also been used in the preparation of TE materials in recent years [79,80,81,82,83,84]. Biswas et al. [79] used a microwave synthesis device (Figure 12a) to synthesize In0.2Co4Sb12 skutterudite powder in a short time (2 min), which is much shorter than the traditional preparation method (3 days). After sintering, the ZT value of the powder sample synthesized by microwave is equivalent to that of the bulk sample obtained by the traditional preparation method (Figure 12b). Lei et al. [82] also prepared a series of Te-doped skutterudite CoSb3-xTex (x = 0, 0.05, 0.10, 0.20, 0.30) by microwave synthesis combined with spark plasma sintering. At the same time, they also studied the effect of Te content on the TE properties of the samples. The CoSb2.95Te0.05 sample (Figure 12c) synthesized by microwave has a large number of dislocations and strongly scattered phonons at grain boundaries, which makes it have the lowest lattice thermal conductivity (1.04 W·m−1·K−1). Because Te doping regulates the carrier concentration of the sample, the electrical transport performance is also significantly improved. Therefore, the highest ZT value of 1.06 is obtained for the CoSb2.95Te0.05 sample at 773 K (Figure 12d).



Compared with the traditional preparation method, this preparation technology has the advantages of short time and high efficiency. Therefore, it is expected to be a more energy-saving and economic way to prepare high-performance TE materials.




3.8. High Pressure Torsion (HPT)


Severe plastic deformation (SPD) of materials can be formed via high-pressure torsion (HPT). The ultra-fine grains in the sub-micrometer or nanometer range can be obtained by SPD via HPT [85]. At the same time, a large number of dislocations will be produced in the material. Due to the huge changes in the grain size and dislocation density of the materials, these changes will significantly improve the performance of the TE materials [86]. It enables the production of samples in large quantities (50 g) by this advanced preparation technology, and is therefore usable for industrial production [87,88,89]. A high ZT value of p- and n-type skutterudites can be obtained through this advanced preparation technology [87,88]. Rogl et al. [87] prepared p-type skutterudite DD0.7Fe2.7Co1.3Sb11.7{Ge/Sn}0.3 using the reaction–annealing–melting technique. Because the DD0.7Fe2.7Co1.3Sb11.8Sn0.2 sample has low thermal conductivity, the highest ZT value of this p-type skutterudite reaches 1.3. The authors claim that this is the highest ZT value of p-type skutterudite reported. After SPD via HPT, although the resistivity of the material increases, it is compensated by the significantly reduced thermal conductivity due to the additional introduction of defects. Therefore, the highest ZT value of this sample increases to 1.45 at 850 K. Rogl et al. [88] also prepared n-type skutterudite Sr0.07Ba0.07Yb0.07Co4Sb12 by HPT. It was found that the thermal conductivity decreased significantly after HPT due to the presence of lattice defects like dislocations (Figure 13a) and vacancies induced by the SPD process. The lattice thermal conductivity almost reached the minimum value calculated theoretically. The highest ZT value of the sample increased from 1.4 to 1.8 (Figure 13b).



Compared with other preparation methods, as shown in Table 1, the skutterudite materials prepared by this HPT technology have higher ZT values. The preparation time is not long (about 15 min), the grain size of the prepared skutterudite by this technology is also at the nanometer level. In addition, it enables the production of samples in large quantities (50 g) using this technology, and is therefore usable for industrial production. Therefore, HPT technology is one of the very important methods to prepare high-performance TE materials.





4. Conclusions


Skutterudite is a kind of TE material with excellent performance in the middle temperature region, which is expected to have a good application and development prospects in the field of power generation. Due to the special icosahedral cage structure, there are many ways to improve the ZT value of skutterudite material. In order to obtain skutterudite with excellent properties, it is very important to select appropriate preparation methods. This review systematically summarized some traditional and advanced preparation methods of skutterudites in recent years, and the principles of these preparation methods were briefly introduced. The traditional preparation methods of TE materials (such as the solid-state reaction method) are time-consuming and use large amounts of energy, but the prepared materials have high density, are of uniform composition, and have good mechanical properties and stable TE properties. The new preparation method has a shorter preparation time, lower energy consumption and higher properties. The rapidly prepared TE materials usually have different types of defect structures (such as dislocation, pores, superlattice and nano-grain boundaries). These defects help to scatter multi-scale phonons and significantly reduce the thermal conductivity of the material. Therefore, TE materials can have high TE properties. The approach is relatively poor in terms of densification and mechanical properties compared with traditional preparation methods. Therefore, there are still some problems in the preparation process of TE materials, which need to be further studied.



	(1)

	
We need to further understand the principles of some preparation methods of TE materials and theoretically understand the reaction mechanism of the preparation process, thus providing an important theoretical basis for further optimization of the preparation process;




	(2)

	
We need to further optimize the existing advanced preparation process, such as process parameters and process flow;




	(3)

	
The key to the large-scale production of TE materials is to further explore novel preparation processes. This new preparation process has the advanced characteristics of being less time- and energy-consuming and being more environment-friendly. The prepared TE materials have high density, are of uniform composition and provide stable performance.







The existing traditional and new preparation processes can produce skutterudite materials with good properties. Optimizing the existing preparation process and exploring new preparation processes are the key to making further improvements to the properties of skutterudites. At present, the n-type skutterudite materials prepared by the existing preparation process have higher TE properties, while the p-type skutterudites have lower TE properties. Therefore, it is particularly important to further explore new energy-saving, low-cost, green and sustainable technologies and processes to rapidly prepare high-performance p-type skutterudite materials. It also provides technical support for the large-scale application of TE materials.
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Figure 1. Schematic diagram of some preparation methods for skutterudite materials [27,28]. (MA: mechanical alloying; MS: melt spinning; SHS: self-propagating high-temperature synthesis; HTHP: high temperature and high pressure; SPS: spark plasma sintering). 






Figure 1. Schematic diagram of some preparation methods for skutterudite materials [27,28]. (MA: mechanical alloying; MS: melt spinning; SHS: self-propagating high-temperature synthesis; HTHP: high temperature and high pressure; SPS: spark plasma sintering).



[image: Inorganics 10 00106 g001]







[image: Inorganics 10 00106 g002] 





Figure 2. (a) Optical micrograph of the lapped surface of CoSb3 ingot grown by the Inclined Rotary Bridgman method; (b) observed and calculated X−ray powder diffraction patterns of CoSb3; (c) schematic of the apparatus used for the inclined Rotary Bridgman experiments [28]. 
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Figure 3. (a) Temperature dependence of power factor for In-filled and Te-doped CoSb3 samples. S1: Co4Sb11.5Te0.5 sample (500 °C × 24 h), S2: In0.5Co4Sb11.5Te0.5 sample (long-time annealing); and S3: In0.5Co4Sb11.5Te0.5 sample (short-time annealing) [31]; (b) FESEM image of Sr0.05CoSb3 nanoparticles; (c) UV−visible spectra and (d) XRD patterns of SryCoSb3 (y = 0, 0.025, 0.05, 0.075 and 0.1) samples [32]; (e) FEEM image of CoSb3 samples prepared by a rapid hydrothermal procedure combined with evacuated-and-encapsulated heating; (f) temperature dependence of thermal conductivity for CoSb3 samples synthesized at different hydrothermal temperatures (170, 230 and 290 °C) [33]. 
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Figure 4. (a) Nanostructure consisting of circular shapes produced in situ inside the material; (b) temperature dependence of thermal conductivity and (c) electrical conductivity for CoSb2.75Ge0.25−xTex (x = 0.125~0.20) [40]. 
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Figure 5. (a) Temperature dependence of ZT values and temperature of FexCo4-xSb12 (0 ≤ x ≤ 2.5) [42]; (b–e) FESEM images of CoSb3 materials at different sintering temperatures; (f) temperature dependence of thermal conductivity for polycrystalline CoSb3 materials prepared at different sintering temperatures [43]; (g) HRTEM image of Dy0.4Co3.2Ni0.8Sb12 (dotted arrow points to the defect in the particle and solid arrow points to the Moire fringe); (h) temperature dependent of power factor for Ni doped Dy filled CoSb3 samples [45]; (i) temperature dependence of ZT values for (Sr, Ba, Yb, In)yCo4Sb12 [46]. 
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Figure 6. (a) SEM image of fracture surface of Ce0.9Fe3CoSb12 material; temperature dependence of (b) power factor and (c) thermal conductivity for the Ce0.9Fe3CoSb12 material [49]; (d) SEM image of Yb0.9Fe3CoSb12 sample; temperature dependence of (e) thermal conductivity and (f) ZT values for Yb0.9Fe3CoSb12 material prepared under different preparation conditions. The inset shows the temperature dependence of lattice thermal conductivity [50]. 
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Figure 7. (a) HRTEM image of In0.05Ba0.15Co4Sb11.5Te0.5 material; (b) temperature dependence of ZT values for In0.05Ba0.15Co4Sb12 and In0.05Ba0.15Co4Sb11.5Te0.5 samples [55]; (c) HRTEM image of Ba0.3Ni0.15Co3.85Sb12 material; (d–g) FESEM images of Ba0.3Ni0.15Co3.85Sb12 prepared under different pressures; (h) temperature dependence of ZT values for CoSb3 and Ba0.3Ni0.15Co3.85Sb12 samples at 3 GPa [56]; (i) Temperature dependence of ZT values of CoSb2.75Te0.2Sn0.05 sample prepared under different pressure conditions [57]. 
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Figure 8. (a) Temperature dependence of power factor for In and Yb doped CoSb3 films [60]; (b) AFM image of Yb-filled CoSb3 film material surface [61]; (c1,c2) 2D and 3D AFM images of single−phase CoSb3 film; (d) temperature dependence of Seebeck coefficient for single-phase CoSb3 and Fe−doped CoSb3 film [62]. P is untreated single-phase CoSb3 film. I1E15A, I2.5E15A and I5E15A are CoSb3 films annealed rapidly and added with 1 × 1015, 2.5 × 1015 or 5 × 1015 iron ions per square centimeter, respectively. 
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Figure 9. (a) HRTEM image of the Ag-doped sample; (b) temperature dependence of power factor for Ag−doped CoSb3 thin film samples [64]; (c) carrier concentration and Hall mobility of CoSb3 films with Sb excess with deposition time; (d) Seebeck coefficient and electrical conductivity of CoSb3 films with Sb excess with deposition time [65]. 
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Figure 10. (a) EBSD analysis of CoSb3 films at different substrate temperatures [69]; (b) effect of Sb content on phase composition of grown CoSbx (1.82 ≤ x ≤ 2.89) films; (c) Sb content dependence of resistivity for CoSbx films [71]. 
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Figure 11. (a) Different stages of the SHS process; (b) the FESEM image of the bulk CoSb3-xTex compound after SHS-PAS processing; (c) the dimensionless figure of merit ZT of CoSb3-xTex compound after SHS-PAS processing [27]. 
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Figure 12. (a) Schematic of the setup used for the microwave synthesis of In0.2Co4Sb12 material; (b) temperature dependence of the ZT of samples prepared with the normal method and microwave method [79]; (c) FESEM image of cross-section of CoSb2.95Te0.05 sample prepared with the microwave method; (d) temperature dependence of ZT of CoSb3−xTex samples [82]. 
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Figure 13. (a) Energy-filtered high-magnification dark-field TEM images of Sr0.07Ba0.07Yb0.07Co4Sb12 (cross section); Positions 1, 2, 3 and 4 represent some dislocation structures. (b) temperature-dependent ZT of Sr0.07Ba0.07Yb0.07Co4Sb12 sample before HPT and after HPT [88]. Insert in (a): energy-filtered selected area diffraction pattern. 
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Table 1. Preparation methods, preparation time, grain size and ZT values of several typical skutterudite materials.
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Traditional Preparation Method

	
Skutterudites

	
Preparation Time

	
ZT

	
Grain Size

	
References






	
Melt growth

	
CoSb3

	
840 h

	
—

	
—

	
[28]




	
CoSb3

	
40 h

	
0.47

	
20–200 μm

	
[30]




	
Solvothermal

	
InxCo4Sb12

	
24 h

	
0.92

	
1–5 μm

	
[31]




	
SryCoSb3

	
24 h

	
—

	
50–120 nm

	
[32]




	
CoSb3

	
12 h

	
0.016 (RT)

	
50–100 nm

	
[33]




	
Solid phase reaction

	
BaInFe3.7Co0.3Sb12+m

	
192 h

	
0.63

	
2–10 μm

	
[35]




	
SeyCo4–−xPdxSb12−2ySe2y

	
60 h

	
0.9

	
1–4 μm

	
[38]




	
SyPdxCo4−xSb12

	
72 h

	
0.85

	
1–3 μm

	
[39]




	
CoSb2.75Ge0.25−xTex

	
198 h

	
1.1

	
5–40 nm

	
[40]




	
MA

	
FexCo4−xSb12

	
100 h

	
0.3

	
20–80 nm

	
[42]




	
Dy0.4Co3.2Ni0.8Sb12

	
10 h

	
1.4

	
40–200 nm

	
[45]




	
Advanced Preparation Method

	
Component

	
Time

	
ZT

	
Grain Size

	
References




	
MS

	
Ce0.9Fe3CoSb12

	
30 h

	
0.7

	
1–4 μm

	
[49]




	
Yb0.9Fe3CoSb12

	
12 h

	
0.7

	
100–300 nm

	
[50]




	
YbxBayCo4Sb12

	
30 min

	
1.1

	
—

	
[52]




	
HTHP

	
In0.05Ba0.15Co4Sb11.5Te0.5

	
—

	
1.23

	
1–3 μm

	
[55]




	
Ba0.3Ni0.15Co3.85Sb12

	
25 min

	
0.91

	
—

	
[56]




	
CoSb2.75Te0.20Sn0.05

	
30 min

	
1.17

	
—

	
[57]




	
Pulsed Laser Deposition

	
In0.2Yb0.2Co4Sb12

	
20 ns

	
—

	
90–110 nm

	
[60]




	
Yb0.19Co4Sb12

	
20 ns

	
0.05 (RT)

	
50–80 nm

	
[61]




	
CoSb3

	
20 ns

	
—

	
50–100 nm

	
[62]




	
Magnetron sputtering

	
CoSb3 (Ag sputter)

	
15 min

	
2.97×10−4

	
—

	
[63]




	
CoSb3

(Co-excess or Sb-excess)

	
30 min

	
6.9×10−4

	
—

	
[65]




	
CoSb3(In and Ti sputter)

	
1–30 min

	
2.32×10−4

	
—

	
[66]




	
MBE

	
CoSby

	
10 min

	
—

	
50–150 nm

	
[69]




	
Ybz(CoSb3)4

	
1–3 h

	
>1

	
—

	
[70]




	
CoSbx

	
—

	
—

	
30 nm

	
[71]




	
SHS

	
CoSb2.85Te0.15

	
10–20 min (SHS-PAS)

	
0.98

	
1–2 μm

	
[27]




	
Co4Sb10.8Te0.6Se0.6

	
10–20 min (SHS-PPS)

	
1.1

	
—

	
[78]




	
Microwave sintering

	
In0.2Co4Sb12

	
4 min

	
0.9

	
—

	
[79]




	
Co4Sb11.9−xTexSe0.1

	
5 min

	
0.81

	
1–6 μm

	
[81]




	
CoSb3−xTex

	
5 min

	
1.06

	
2–5 μm

	
[82]




	
TixCo4Sb11.5Te0.5

	
5 min

	
0.6

	
1–4 μm

	
[84]




	
HPT-SPD

	
DD0.7Fe2.7Co1.3Sb11.7Ge0.1

	
~15 min

	
>1

	
15–300 nm

	
[87]




	
DD0.7Fe2.7Co1.3Sb11.8Sn0.2

	
~15 min

	
1.4

	
15–300 nm

	
[87]




	
Sr0.07Ba0.07Yb0.07Co4Sb12

	
~15 min

	
1.8

	
5–250 nm

	
[88]
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