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S-Ⅰ: Materials and Methods

Sample synthesis: Starting materials including Y piece (99.9%, Alfa Aesar), Ce ingot 

(99.8%, Alfa Aesar), Co piece (99.95%, Alfa Aesar), Sb ball (99.999%, Alfa Aesar) 

were firstly weighted according to stoichiometric Y0.05YbxCo4Sb12 (x = 0.15, 0.2, 0.25, 

0.3) and Yb0.2Co4Sb12, then sealed in the silica tubes under vacuum. All the procedure 

mentioned above were carried out in a glove box with Ar atmosphere. The sealed tubes 

were then transmitted to a box furnace and slowly heated to 1423 K in 20 h, soaked at 

the fixed temperature for 3 h, and then furnace cooled to the room temperature. The 

reacted ingots were put in the cleaned quartz tubes with a fine nozzle, which were 

induction-molten and then injected on the cool copper wheel with a rotating speed of 

50 m s-1 under the high-purity Ar atmosphere. The obtained ribbons were ground into 

fine powders and then were densified by the hot-press method at 1023 K for 1 h with 

an axial pressure of 90 MPa under vacuum of 510-3 Pa. 

Microstructure characterization: The phase structures are determined using a 

Electronic Supplementary Material (ESI) for Inorganic Chemistry Frontiers.
This journal is © the Partner Organisations 2024

http://www-webofscience-com-s.ivpn.hit.edu.cn:1080/wos/alldb/full-record/WOS:000438392400020
http://www-webofscience-com-s.ivpn.hit.edu.cn:1080/wos/alldb/full-record/WOS:000438392400020
http://www-webofscience-com-s.ivpn.hit.edu.cn:1080/wos/alldb/full-record/WOS:000438392400020
http://www-webofscience-com-s.ivpn.hit.edu.cn:1080/wos/alldb/full-record/WOS:000438392400020
http://www-webofscience-com-s.ivpn.hit.edu.cn:1080/wos/alldb/full-record/WOS:000438392400020
http://www-webofscience-com-s.ivpn.hit.edu.cn:1080/wos/alldb/full-record/WOS:000576676900098
http://www-webofscience-com-s.ivpn.hit.edu.cn:1080/wos/alldb/full-record/WOS:000576676900098
http://www-webofscience-com-s.ivpn.hit.edu.cn:1080/wos/alldb/full-record/WOS:000576676900098
http://www-webofscience-com-s.ivpn.hit.edu.cn:1080/wos/alldb/full-record/WOS:000576676900098
mailto:qindandan@djtu.edu.cn


PANalyticalX’Pert Pro X-ray diffractometer with Cu Kα radiation (=1.5418 Å). The 

morphology and actual composition are analyzed by a HELIOS Nanolab 600i scanning 

electronic microscope (SEM) with the energy-dispersive X-ray spectroscopy (EDS). 

Properties characterization: The sintered bulk pellet is cut into bar with dimension of 

2  2  12 mm3 for the electrical resistivity and Seebeck coefficient measurement on a 
system (CTA) under low-pressure helium atmosphere from 300 K to 873 K. The 

thermal conductivity  can be calculated according to the relationship =DCp, where 
D is thermal diffusivity coefficient,  is the density, and Cp is specific capacity. Disk 
with diameter of 12.7 mm and thickness of 1.5 mm is prepared to measure the thermal 
diffusivity coefficient D using laser flash analysis method (Netzsch LFA 427) under a 
continuous nitrogen flow from 300 K to 873 K. The density is determined by 
Archimedes method, and relative densities of all samples are higher than 96%. The Cp 
is calculated using Dulong-Petit relationship. The Hall coefficient (RH) is obtained 
using the van der Pauw technique with a reversible magnetic field of 1.5 T. The carrier 
concentration (nH) and the carrier mobility (μH) are calculated by nH=1/eRH and 
μH=σRH, respectively.
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Figure S1. The (Y, Yb) total content dependent lattice parameter.

Table S1. The actual filling fraction for Y and Yb elements, and lattice parameter for 
Y0.05YbxCo4Sb12 and Yb0.2Co4Sb12 alloys.

Nominal 
composition

Actual Y 
content

Actual Yb 
content

Lattice 
parameter (Å)

Density
(g cm-3)

Y0.05Yb0.15Co4Sb12 0.032 0.13 9.0554 7.56



Y0.05Yb0.2Co4Sb12 0.003 0.18 9.0571 7.57
Y0.05Yb0.25Co4Sb12 0.000 0.23 9.0602 7.54
Y0.05Yb0.3Co4Sb12 0.000 0.27 9.0641 7.56

Yb0.2Co4Sb12 ― 0.175 9.0697 7.55

The calculation of κl with Callaway mode

Based on the Callaway mode, the l can be expressed as [1-3]:
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where kB is the Boltzmann constant, ℏ is the Plank’s reduced constant, υ is the average 

sound (phonon-group) velocity, x is the usual dimensionless variable ℏ/kBT and τc is 

the combined relaxation time, and D is the Debye temperature. For skutterudites

D = (M3)-1/2                            (2)

where  is a function of elastic constants, M the average atom weight, and  3 the 

volume.

For the present case, three phonon scattering mechanisms including boundary 

scattering, point-defect scattering, and phonon-phonon scattering are considered to 

calculate the frequency-dependent relaxation time, 
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where l is the average grain size, the coefficients A and B are fitting parameters. The 

values of relevant parameters are shown in Table S2 and S3. Compared with the 

pristine sample, the samples with YSb nanoparticles exhibit lower l. Therefore, it is 

plausible to infer that this reduction in l can be ascribed to the phonon scattering caused 

by the nanoparticles. The nanoparticles’ contribution to the relaxation time τNP
-1 is 

estimated using a Matthiessen-type interpolation between the scattering regimes of the 

long and short wavelengths [4-6]

τNP
-1 = υ (s

-1 + l
-1) VP                       (4)

          s =2R2                             (5)
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where VP is the density of nanoparticles, s and l are the cross-section limits, R is the 



average size of the particles, D is the corresponding mass density, D is the mass 

density difference between the nanoscale particle and the matrix,  is the phonon 

frequency, respectively. Therefore, the combined phonon relaxation field should be 

written as
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Table S2. Input parameters for calculation of relaxation time of phonon scattering for 

Y0.05Yb0.2Co4Sb12 composites.

L (μm) D (K) υ (m/s) R (nm) Dn (gcm-3) Dm (gcm-3) D (gcm-3)
0.5 287 3000 25 5.97 7.6 1.77

Table S3. Values of lattice thermal conductivity fit parameters for Y0.05Yb0.2Co4Sb12 

and Yb0.2Co4Sb12 alloys.

Composition A (10-43 s3) B (10-17 s/K) Vp (1021m-3)
Yb0.2Co4Sb12 26.67 0.98 0

Y0.05Yb0.2Co4Sb12 26.15 1.08 6.12
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