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Abstract

:

Thermoelectric skutterudite materials have been widely investigated for their potential application in mid-temperature waste heat recovery that has not been efficiently utilized A large amount of research has focused on developing materials with a high thermoelectric figure of merit (zT). However, the translation of material properties to device performance has limited success. Here, we demonstrate single-filling n-type Yb0.25Fe0.25Co3.75Sb12 and multi-filling La0.7Ti0.1Ga0.1Fe2.7Co1.3Sb12 skutterudites with a maximum zT of ~1.3 at 740 K and ~0.97 at 760 K. The peak zT of skutterudites usually occurs above 800 K, but, as shown here, the shift in peak zT to lower temperatures is beneficial for enhancing conversion efficiency at a lower hot-side temperature. In this work, we have demonstrated that the Fe-substitution significantly reduces the thermal conductivity of n-type skutterudite, closer to p-type skutterudite thermal conductivity, resulting in a module that is more compatible to operate at elevated temperatures. A uni-couple skutterudite module was fabricated using a molybdenum electrode and Ga–Sn liquid metal as the thermal interface material. A conversion efficiency of 7.27% at a low temperature gradient of 366 K was achieved, which is among the highest efficiencies reported in the literature at this temperature gradient. These results highlight that peak zT shift and optimized module design can improve conversion efficiency of thermoelectric modules at a low temperature gradient.
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1. Introduction


Solid-state thermoelectric (TE) power generation technology is commonly used for converting waste thermal energy into electricity by utilizing the Seebeck effect. It provides a promising solution for energy harvesting from automobile exhausts, solar heat, waste heat from fuel cells, and industrial waste heat [1,2,3]. The conversion efficiency (η), given by Equation (1), is used to evaluate the TE performance,


  η =    T h  −  T c     T h    ·     1 + z  T  a v e     − 1     1 + z  T  a v e     +  T c  /  T h     



(1)




where Th is hot-side temperature and Tc is cold-side temperature. zTave is the average TE figure-of-merit determined by using the temperature range and materials zT, which is given by Equation (2),


  z T =    α 2  σ  κ  T  



(2)




where α, σ, κ and T are the Seebeck coefficient, electrical conductivity, thermal conductivity and absolute temperature, respectively. Therefore, a high zTave is desirable, which can be obtained by either improving zT or by shifting peak zT to lower temperatures.



Among the state-of-the-art TE materials, CoSb3-based skutterudites (SKD) have attracted much attention due to their comprehensive advantages, such as suitable band structure, electrical transport, low cost, and non-toxic constituent elements [4,5,6,7,8,9]. However, the large thermal conductivity of CoSb3 results in poor zT, which leads to very low TE conversion efficiency. The large intrinsic nanocages that can be easily filled with various guest atoms promote SKD as an intriguing candidate for mid-temperature (473–773 K) waste heat recovery applications because of phonon glass-electron crystal behavior [10]. These fillers, such as alkali metals, alkaline-earth, rare-earth, and other ions [11] with a small ionic radius and heavy mass, can loosely bond to Sb atoms in nanocages and rattle in Einstein-like modes that function as a phonon-scattering source, resulting in low lattice thermal conductivity. Meanwhile, doping or substituting at the Co-site or Sb-site is another effective way to lower lattice thermal conductivity [11,12,13,14].



Yb-filled n-type skutterudites (n-SKD) show remarkable TE properties with maximum zT (zTmax) above 850 K [15,16,17,18,19,20], which is too high to maximize its performance for the mid-temperature region (473–773 K) under vacuum or 400–623 K in air [2,21]. In order to make it practical in real applications, it is essential to lower the zTmax temperature for enhancement of zTave. Single-and double-filling strategies have been utilized for improving zT of p-type skutterudites (p-SKD) [22,23,24,25,26,27,28,29,30]. The resonant frequencies of the fillers vary between 42 cm−1 and 142 cm−1 from rare-earth elements to alkali metals [31] so that phonons in different frequency ranges can be effectively scattered via phonon resonant scattering by the multi-fillers, which have been widely used for n-SKD [16,17,32]. However, the multi-filling p-SKD investigations are limited [33,34,35] and deserve further exploration. Moreover, for TE materials to result in device translation, mechanical stability is another critical consideration. The typical n-SKD with high zT usually has a relatively high thermal conductivity compared to p-SKD, which could lead to uneven thermal stress at elevated temperatures in TE modules and result in the mechanical failure of modules. Thus, the matching of thermal conductivity between n-SKD and p-SKD needs to be considered for long-term TE module performance. In this paper, our emphasis is on the development of compatible skutterudite materials and reduction of peak zT temperature to a lower temperature so that more stable and high-efficiency modules can be realized at temperatures below 700 K.



Developing higher zT materials has recently gained much interest in the thermoelectric community [16,19,33,36]. However, the transfer of excellent material properties to TE modules is lagging. Jesus et al. [37] and Park et al. [38] fabricated SKD modules focusing on high output power density. Salvador et al. [39] reported a maximum conversion efficiency (ηmax) of 7% for a 32-couples SKD module at ΔT of 460 K with 4 mm height legs. Guo et al. and Geng et al. [24] have demonstrated 32-couples single-stage SKD modules with TE leg dimensions of 5 mm × 5 mm × 7.6 mm and achieved ηmax of 8% at a temperature gradient (ΔT) of 550 K. Ge et al. [34] reported an improved ηmax of 8.5% at ΔT of 550 K based on a 32-couples single stage SKD module with TE leg dimension of 5 mm × 5 mm × 7 mm. Zong et al. [40] developed a grain-boundary modified SKD that delivered an ηmax of 8.4% under ΔT of 577 K. The module consisted of an 8-couples SKD with leg dimension of 4 mm × 4 mm × 12 mm. Ge and Li et al. [41] recently fabricated a 32-couples SKD module using bulk heterojunction-designed materials and demonstrated an ηmax of 9.15% under ΔT of 600 K with leg dimensions of 5 mm × 5 mm × 7 mm. Zhang et al. [42] investigated a carbon-nanotube modified SKD and demonstrated an 8-couples module with an ηmax of 9.3% under ΔT of 558 K. The TE leg dimensions in their design were 3 mm × 3 mm × 8 mm. However, in most of these studies, the ΔT was significantly high, at least >550 K, which requires a hot-side temperature beyond 850 K and limits the application domain for SKD modules. Therefore, higher efficiency at lower ΔT is needed with hot-side temperature ~700 K to deploy SKD devices.



In this study, we demonstrate an n-type Yb0.25Fe0.25Co3.75Sb12 SKD with Fe-substitution on Co-site and a multi-filling La0.7Ti0.1Ga0.1Fe2.7Co1.3Sb12 p-type SKD with a nominal filling fraction of 0.9. The Yb-filler effectively reduces thermal conductivity due to its low rattling scattering frequency. The La/Ti/Ga-fillers cover a broad range of phonon scattering frequencies, leading to low thermal conductivity. The zTmax of ~1.3 for n-SKD was shifted to 740 K leading to an enhancement of zTave, and the zTmax of ~0.97 for p-SKD was obtained at 760 K. Through Fe-substitution, the total thermal conductivity of n-SKD was reduced to 2.5 W/m·K, which is comparable to that of p-SKD (~2 W/m·K). This results in a uniform heat transfer through n and p TE legs, which further increases the robustness of TE modules. A uni-couple TE module comprising of n-type Yb0.25Fe0.25Co3.75Sb12 and p-type La0.7Ti0.1Ga0.1Fe2.7Co1.3Sb12 was fabricated and tested. A molybdenum (Mo) electrode was bonded to the TE materials on the hot-side junction to provide good electrical and thermal contact. The Ga–Sn liquid metal was employed between the hot-side heat exchanger and the Mo electrode, as well as between the bottom ceramic substrate and a heat-sink used as a thermal interface material to reduce thermal resistance. Using this material combination, a high conversion efficiency of 7.27% is achieved under ΔT of 366 K, which is among the highest efficiencies reported at this temperature gradient.




2. Experimental Procedure


2.1. Materials Preparation


The skutterudite materials with Yb0.25Fe0.25Co3.75Sb12 composition for n-type and La0.7Ti0.1Ga0.1Fe2.7Co1.3Sb12 composition for p-type were prepared through a melting–quenching–annealing process. The high-purity elements Yb (99.9%, chips), La (99.9%, pieces), Ti (99.9%, wire), Ga (99.9%, pieces), Co (99.9%, pieces), Fe (99.99%, pieces) and Sb (99.9999%, shot) were weighed in an inert atmosphere according to their stoichiometric ratios, then loaded into graphite-coated quartz tubes and sealed under a vacuum. The sealed raw elements were slowly heated and melted at 1333 K for 20 h for n-type and 12 h for p-type, followed by quenching in NaCl saturated ice-water to obtain ingot. Then, the ingots were subsequently annealed at 973 K (n-type) and 923 K (p-type) for one week. Annealed materials were then hand-ground and sieved below 75 µm in the glovebox. Afterwards, the powders were pressed by Spark Plasma Sintering (SPS, SPS-615, FUJI ELECTRONIC INDUSTRIAL CO., LTD., Tsurugashima, Japan) at 923 K for n-type and 873 K for p-type under 40 MPa pressure for 5 min to achieve fully densified disks.




2.2. Materials Characterization


Powder X-ray diffraction (XRD) was performed using a Bruker D8 diffractometer with Cu-Kα radiation (λ = 1.5418 Å) to check the phase purity. The Rietveld method was used to refine the structural parameters via the FullProf program for calculations. The microstructure was determined by scanning electron microscopy (SEM, FEI Quanta 600 FEG, Thermo Fisher Scientific, Hillsboro, USA), and actual compositions were detected via energy-dispersive X-ray spectroscopy (EDS). The density of specimens (ρ) was measured and calculated by the Archimedes method.



The electrical transport properties (electrical conductivity and Seebeck coefficient) were measured using the ZEM-3 system (ADVANCE-RIKO, Inc., Yokohama, Japan) up to 850 K. The thermal diffusivity (α) was measured by a laser flash system (ADVANCE-RIKO, Inc., TC-1200RH, Yokohama, Japan), and specific heat (Cp) was determined using a differential scanning calorimeter (NETZSCH GmbH, DSC 404C, Selb, Germany). Thermal conductivity, κ, was calculated from relation, κ = αρCp. The experimental uncertainties of electrical conductivity, thermal conductivity, Seebeck coefficient and zT are ±5%, ±2%, ±5% and ±7%.




2.3. Module Fabrication and Test


The sintered n-type (Yb0.25Fe0.25Co3.75Sb12) and p-type (La0.7Ti0.1Ga0.1Fe2.7Co1.3Sb12) cylindrical pellets were diced into 1.8 mm × 1.8 mm × 2 mm TE legs with a diamond dicing saw. The n-and p-type legs were then hard bonded with a molybdenum electrode on top, and a Cu electrode/AlN substrate on the bottom using a brazing process. The GaSn liquid metal was used between the bottom of the AlN substrate and the Q-meter, as well as between the heat exchanger and the Mo electrode as a thermal interface material. The uni-couple modules were prepared for power and efficiency tests. A custom-built power and efficiency testing system at RTI International was used to measure open voltage, current, internal resistance, output power and conversion efficiency of the modules. The heat flow was measured by a Q-meter using several thermal couples with specific distances. The hot-side temperature (Th) was controlled from 310 K to 679 K, and the cold-side exchanger was cooled using circulating water. The uncertainties in output power and conversion efficiency are ±3% and ±2%, respectively. A MATLAB program was used to calculate the theoretical conversion efficiency based on a method available in literature [43].





3. Results and Discussion


3.1. Materials Phase and Structure Analysis


The XRD patterns of densified pellets for both n-type Yb0.25Fe0.25Co3.75Sb12 and p-type La0.7Ti0.1Ga0.1Fe2.7Co1.3Sb12 show cubic Im  3 ¯   CoSb3 phase, as shown in Figure 1 and Table 1. The Rietveld refinement shows a good fit with experimental observations. No impurity phase was detected, indicating that the total filler content is within the filling-fraction-limitation (FFL). The lattice parameters obtained from Rietveld refinement are 9.0511 Å and 9.1173 Å for n-SKD and p-SKD, respectively, which matches prior results available in the literature [15,16,20,27,44]. The lattice parameter of n-SKD increases with increasing Yb content. On the contrary, the lattice parameter of p-SKD decreases when the La content increases, and increases when Fe content increases, which is in agreement with our previous results [20].



The SEM images, EDS spectra and elemental distribution results for n-type Yb0.25Fe0.25Co3.75Sb12 and p-type La0.7Ti0.1Ga0.1Fe2.7Co1.3Sb12 are shown in Figure 2 and Figure 3, respectively. For the n-type compound, the grain size is about 2–5 µm. The Yb filler distributes homogeneously in the matrix, besides some in situ YbSb2 precipitates within a few hundred nanometers, which could effectively scatter phonons to reduce thermal conductivity, as shown in Figure 2a,b. The EDS analysis illustrates consistent atomic fraction of elements from different areas of the sample. This result is in agreement with stoichiometric atomic fraction, indicating no significant secondary phases or volatilization of Sb occurred during the synthesis process. For the p-type compound, various in situ precipitates were observed due to a high filling fraction, such as GaSb, TiSb2 and LaTi, as shown in Figure 3a–c, with a variation of particle size from hundreds of nanometers to ~3 µm. Therefore, lower contents of La, Ti and Ga elements were detected compared to stoichiometric atomic fraction (Table 2). This is related to the fact that multi-filling compounds require faster cooling rates in order to obtain a more homogenous distribution of fillers compared to single-filling compounds [45]. Since all these precipitates were only in trace amounts (Figure 1a,b), the electrical properties would not be changed significantly, which will be discussed in Section 3.2.




3.2. Material TE Properties


The TE properties at 298 K and bulk density (ρ) of n-type Yb0.25Fe0.25Co3.75Sb12 and p-type La0.7Ti0.1Ga0.1Fe2.7Co1.3Sb12 materials are summarized in Table 2. The measured composition for n-type skutterudite is consistent with the nominal one. The measured concentration of fillers in p-type skutterudite is lower compared to that of the nominal one due to the formation of various precipitates, as shown in Figure 3. The measured density is also consistent with the values calculated by refinement, as listed in Table 1. The material TE properties are shown in Figure 4. Since the substituted Fe in n-SKD is an electron acceptor, the electrical conductivity of n-SKD is relatively low, less than 900 S/cm and lower than that of CoSb3-based n-SKD [15,19,46,47,48]. The electrical conductivity of p-SKD is about 700 S/cm and decreases with an increase in temperature. Both compounds exhibit metallic electrical conductivity behavior. The absolute Seebeck coefficients of n-and p-SKD increase with an increase in temperature and reach the maximum of 241.7 µV/K at 740 K and 224.3 µV/K at 760 K, respectively. Therefore, the maximum power factors of 36.2 µW/cm·K2 for n-SKD and 25.8 µW/cm·K2 for p-SKD materials were achieved below 800 K. Similarly, the total thermal conductivities of n-SKD and p-SKD decrease with an increase of temperature up to 600 K, and then increase due to the bipolar effect where both electron and holes carriers were excited and carried thermal energy at an elevated temperature. The lattice thermal conductivities are 1.2–2 W/m·K for n-SKD and 1.1–1.7 W/m·K for p-SKD materials, respectively. The n-SKD material shows very similar lattice thermal conductivity compared to that of p-SKD material at around 700 K due to the Fe-substitution. The carrier thermal conductivity shows a linear relationship with temperature, indicating that carriers can be thermally activated at elevated temperatures and contribute to both electrical and thermal conductivities, resulting in a bipolar effect. Moreover, a similar thermal conductivity between n-SKD and p-SKD can benefit uniform heat transfer through TE modules and release uneven thermal stress when heat flow increases at elevated temperatures. Overall, zTmax ~1.3 at 740 K was obtained for n-SKD material and ~0.97 at 760 K for p-SKD material. The zTmax shifted from above 800 K to around 750 K, as shown in Figure 4f. This will directly benefit the magnitude of the average zT and result in the enhancement of the conversion efficiency of a TE device.




3.3. Module Performance


The uni-couple SKD module was fabricated using n-type Yb0.25Fe0.25Co3.75Sb12 and p-type La0.7Ti0.1Ga0.1Fe2.7Co1.3Sb12 materials. In order to translate the materials zT to the conversion efficiency of a module, good electrical and thermal contact are critical factors. A Mo electrode was used because of its high thermal conductivity (~130 W/m·K) and low electrical resistivity (~5.2 × 10−8 Ohm·m). The thermal stress and stability at high temperatures are important in order to maintain continuous module performance. The general thermal expansion coefficient (CTE) of SKD materials is about 8 × 10−6 /K for n-type and 10 × 10−6 /K for p-type [51]. The Mo electrode exhibits an excellent thermal stability and comparable CTE (5 × 10−6 /K) with that of SKD. The Ga–Sn liquid metal was used between the heat exchanger and the Mo electrode, as well as between AlN bottom substrate and Q-meter as a thermal interface material that reduces thermal resistance. The schematic configuration and picture of uni-couple SKD module is shown in Figure 5. The small TE leg dimensions of 1.8 mm × 1.8 mm × 2 mm were used for the uni-couple module in order to reduce thermal stress and heat loss.



The temperature-dependent module resistance, open-circuit voltage, output power, and conversion efficiency were measured under hot-side temperature up to 679 K, as shown in Figure 6. The internal module resistance shows a linear relationship with ΔT, which aligns with the decrease of the electrical conductivity of materials at an elevated temperature. The linear increase of open-circuit voltage as ΔT rises from 38 K to 366 K is consistent with the increased absolute Seebeck coefficient. The maximum output power (Pmax) of 336.7 mW is obtained with a ΔT of 366 K (Th = 679 K, Tc = 313 K). The conversion efficiency is calculated using Equation (3),


  η =  P   Q  i n     =  P  P +  Q  o u t     × 100 %  



(3)




where P is output power, Qin is hot-side heat flow and Qout is cold-site heat flow. A maximum conversion efficiency (ηmax) of 7.27% is obtained with a hot-side temperature of 679 K and ΔT of 366 K. Ga-Sn is found to fully wet the interface between the heat exchanger and the Mo electrode/AlN ceramic substrate at an elevated temperature that minimizes thermal resistance and enhances heat transfer. The MATLAB-simulated theoretical conversion efficiency (dash line in Figure 6c) is based on the experimental TE properties of 8.69% at ΔT of 366 K. The difference between theoretical and experimental efficiency can be attributed to interfacial electrical and thermal resistance between the TE legs and the substrate, as well as the thermal radiation and convection losses [40]. The conversion efficiency obtained in this study (Figure 6d) provides a great advantage with smaller ΔT compared to previously reported efficiencies of single-stage SKD modules [24,34,35,40,42]. The consistent module resistance of 15.1 mOhm before test and 15.2 mOhm after test illustrates that the bonding process utilized here provides robust modules.





4. Conclusions


In this study, a single-filling n-type Yb0.25Fe0.25Co3.75Sb12 with Fe-substitution on Co-site and multi-filling p-type La0.7Ti0.1Ga0.1Fe2.7Co1.3Sb12 were synthesized via a melting–quenching–annealing process. The zTmax of ~1.3 was obtained at 740 K and ~0.97 at 760 K for n-type and p-type SKD material, respectively. By lowering zTmax temperatures, we have shown an enhancement of zTavg resulting in an improvement in the thermoelectric conversion efficiency. The comparable thermal conductivity of n- and p-type SKD contributes to the development of a more thermally stable TE module due to the balance of heat flow from p and n materials. The fabricated uni-couple SKD from these materials demonstrates a high conversion efficiency of 7.27% under ΔT of only 366 K when the hot-side temperature is 679 K. This efficiency value is among the highest conversion efficiency reported for single-stage SKD modules at this temperature gradient. These results provide a promising pathway for using SKD materials for mid-temperature power generation applications, as well as for cascaded or segmented TE modules with half-Heusler materials to realize even higher conversion efficiencies. This work further demonstrates that the zT peak shifting is a promising technique of realizing high conversion efficiency in a desired operation temperature range.
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Figure 1. The Rietveld refinement of (a) n-type Yb0.25Fe0.25Co3.75Sb12 and (b) p-type La0.7Ti0.1Ga0.1Fe2.7Co1.3Sb12, and lattice parameters of (c) n-type Yb0.25Fe0.25Co3.75Sb12 and (d) p-type La0.7Ti0.1Ga0.1Fe2.7Co1.3Sb12. The comparison data are from References [15,16,20,27,44]. 
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Figure 2. (a) SEM image, (b) elemental distribution, and (c) EDS spectra of n-type Yb0.25Fe0.25Co3.75Sb12 compound. 
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Figure 3. SEM image and elemental distribution of (a) GaSb precipitates, (b) TiSb2 and (c) LaTi precipitates, and (d) EDS spectra of p-type La0.7Ti0.1Ga0.1Fe2.7Co1.3Sb12. 
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Figure 4. Summary of the thermoelectric (TE) properties. (a) electrical conductivity, (b) Seebeck coefficient, (c) power factor, (d) total thermal conductivity, (e) lattice and carrier thermal conductivity, and (f) zT for n-type Yb0.25Fe0.25Co3.75Sb12 and p-type La0.7Ti0.1Ga0.1Fe2.7Co1.3Sb12 materials. The dashed line data are from References [28,42,49,50]. 
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Figure 5. (a) The structure of skutterudites (SKD) uni-couple module, (b) the picture of SKD uni-couple module and (c) the SKD uni-couple module installed in the measurement system. The Direct Bond Copper (DBC) part includes Cu electrode (yellow parts) and AlN substrate (dark gray part). 
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Figure 6. (a) The internal resistance, (b) open voltage, (c) conversion efficiency and output power of SKD module as a function of ΔT, and (d) the comparison of conversion efficiency between our result and the literature results (References [24,34,35,40,41,42]). 
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Table 1. Results of the Rietveld refinement analysis.
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Samples

	
Lattice Parameters

	
R-Factors




	
a = b = c (Å)

	
Vol (Å3)

	
Density (g/cm3)

	
Rp (%)

	
Rwp (%)






	
n-Yb0.25Fe0.25Co3.75Sb12

	
9.0511

	
741.487

	
7.567

	
3.55

	
3.53




	
p-La0.7Ti0.1Ga0.1Fe2.7Co1.3Sb12

	
9.1173

	
757.869

	
7.866

	
4.69

	
3.28
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Table 2. Nominal and measured compositions, density (ρ), electrical conductivity (σ), Seebeck coefficient (α), and total thermal conductivity (κtotal) for n-type Yb0.25Fe0.25Co3.75Sb12 and p-type La0.7Ti0.1Ga0.1Fe2.7Co1.3Sb12 skutterudites at 298 K.
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	Nominal Composition
	Measured Composition
	ρ (g/cm3)
	σ (S/cm)
	α (µV/K)
	κtotal (W/m·K)





	Yb0.25Fe0.25Co3.75Sb12
	Yb0.29Fe0.22Co3.78Sb11.68
	7.54
	808
	−178.25
	2.34



	La0.7Ti0.1Ga0.1Fe2.7Co1.3Sb12
	La0.54Ti0.04Ga0.05Fe3.03Co0.97Sb11.4
	7.86
	700
	145.80
	1.90
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