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The Single parabolic model (SPB) calculation

The Seebeck coefficient depends on the reduced Fermi-level in the following equation:
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The density-of-state effective mass mgos* is determined by the Seebeck data and the

carrier concentration.

hZ

2/3
m, *=—— #(S5
dos = 2he,T (55)

4nF,, m

The Lorenz factor (L) is calculated as.
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The electronic conductivity is estimated from the Wiedemann-Franz law:
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and lattice thermal conductivity is estimated by subtracting ke from Keotat,



Calculation of the lattice thermal conductivity

To quantify the effects of the amorphous carbon coating on phonon scattering, the
Debye-Callaway model was applied in the pristine BST and BST@C003 samples.[!]
The Umklapp phonon-phonon scattering (U), grain boundary scattering (GB), point
defect scattering (PD), second phase scattering (SP), and dislocation scattering (DS)
were mainly considered. The frequency-dependent phonon scattering was evaluated
since phonons carry heat in a broad range of frequencies considering the kinetic theory.

The lattice thermal conductivity is described by the following equation:
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here, V is the average sound speed, kp 1s the Boltzmann constant, h is the reduced Plank
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constant, Op is the Debye temperature, and Ttot is the total phonon relaxation time.

According to Matthiessen’s rule, the total phonon relaxation time (Tfot) is a reciprocal

sum of the relaxation times:
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The Umklapp phonon-phonon scattering (*U) is calculated from the equation below:[?!
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where, V is the atomic volume of matrix, ¥ is the Griineisen parameter, 7'is the absolute
temperature, and M is the atomic mass of sample, respectively. Ay is an additional

parameter of normal phonon-phonon scattering time.
Point defect scattering is modeled based on the following equation:[!
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where, X is the fractional concentration of constituents, AM is difference in mass, G is
3
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a fractional ratio of bulk modulus, 7 is Poisson ratio, and Aa s the difference in lattice

constant. The relaxation time by grain boundary scattering is given by the following

equation:[4
v
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Fod (S13)
where, 4 is the average grain size.
The relaxation time for dislocation scattering is given by:[!
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here, N D, B D, AY, vl, and Yt represent the dislocation density, the effective Burger’s

vector, the variation in the Griineisen parameter, and the longitudinal and transverse
phonon velocities, respectively.

The relaxation time for second phase scattering can be described as:[¢]
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where P, AP, 0, and Np denote the mass density of the matrix, the density difference
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between the matrix and the secondary phase, the average radius of the secondary phase,

and the number density of the second phase inclusions, respectively.

In narrow-bandgap thermoelectric semiconductors, bipolar thermal conductivity (K bip)

becomes a non-negligible contribution at elevated temperatures. This arises because
high temperatures generate significant concentrations of minority carriers; these
carriers absorb heat at the hot side upon excitation and release heat at the cold side upon
recombination, thereby introducing an additional heat-transport channel. Accordingly,
the total thermal conductivity can be expressed as:!”)

Kiot = Ke + Kph + Kbip (816)

An approximate expression for the bipolar thermal conductivity is given by:[®]

3LoT( Ey
Kbip :4—2 ﬁ-i_ 4
n° \Kp (S17)



where L is the Lorenz number and £ is the bandgap energy.
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Figure S1. The scanning electron microscopy (SEM) image of pristine BST powders after ball milling.
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Figure S2. The SEM image of annealing pristine BST powders.
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Figure S3. Rietveld refined PXRD of pristine BST, BST@CO003, and C005 bulk samples post SPS.



Figure S4. (a-f) SEM images of the fractured surfaces of BST@C000, C001, C002, C003, C004, and

@C001

C005 bulk samples.
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Figure S5. (a-c) Grain size of sintered pristine BST, BST@CO003, and C005 bulk samples.
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Figure S6. Thermoelectric properties of pristine BST and BST@C000 — BST@CO005 bulk samples
parallel to the pressure direction. (a) Temperature dependence of the o; (b) temperature dependence of
the S; (c¢) temperature dependence of the PF; (d) temperature dependence of the x; (e) temperature

dependence of the x; +xyp ; and (f) temperature dependence of the zT.
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Figure S7. Pisarenko plot against experimental Seebeck coefficients as a function of measured charge-

carrier concentration at 300 K.
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Figure S8. Thermoelectric properties and the contact resistance of n-type Bi,Tes legs.
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Figure S9. Thermoelectric properties of the commercial n-type Bi,Te;Se, 3 materials used in the cooling

module.
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Figure S10. Performance of the power-generation module. (a) Output voltage, (b) output power, (¢)
Vo and P, as a function of temperature difference, (d) the corresponding conversion efficiency at

different temperature gradients compared to literature studies.[9-13]



Table S1. Crystallographic information based on the Rietveld refinement against PXRD datasets.

Chemical Formula Pristine BST BST@C003 BST@C005
Crystal System Trigonal Trigonal Trigonal
Space Group Rgm Rgm Rgm

Lattice parameters/ A (a
= f=90°, y = 120°)
Cell volume/ A
Formula weight/g mol!
Formula units, Z

No. of observations

XZ

R,

WwR,

a = 4.289645(99)
¢ =30.460482(821)

485.412 (27)

1984.753

3

3961

3.023

0.0596

0.0787

a=4.289643(101)
¢ =30.457138(681)

485.358 (26)

1982.748

3

4951

2.674

0.0560

0.0754

a=4.290586 (141)

¢ =4.290586 (1195)

485.686 (39)

1988.601

3

4951

2.745

0.0637

0.0822

10



Table S2. Atomic parameters of the pristine BST sample based on the Rietveld refinement.

Atom Wyckoff x y z 100*Uiso/ A2 Occupancy
symbol (Equivalent)
Bi 6¢ 0 0 0.398987(49) 1.903 0.25
Sb 6¢c 0 0 0.398987(49) 1.903 0.716
Tel 6¢ 0 0 0.211598(34) 1.659 1
Te2 3a 0 0 0 1.505 1

Table S3. Atomic parameters of the BST@CO003 sample based on the Rietveld refinement.

Atom Wyckoff x y z 100*Uiso/ A2 Occupancy
symbol (Equivalent)
Bi 6¢ 0 0 0.399045(41) 2.987 0.25
Sb 6¢ 0 0 0.399045(41) 2.987 0.713
Tel 6¢ 0 0 0.211531(29) 2.690 1
Te2 3a 0 0 0 2.540 1

Table S4. Atomic parameters of the BST@CO005 sample based on the Rietveld refinement.

Atom Wyckoff x y z 100*Uiso/ A2 Occupancy
symbol (Equivalent)
Bi 6¢ 0 0 0.399009 (72) 2.289 0.25
Sb 6¢ 0 0 0.399009 (72) 2.289 0.721
Tel 6¢ 0 0 0.211645 (87) 2.006 1

Te2 3a 0 0 0 1.807 1

11



Table S5. Parameters for the calculation of “ph of the pristine BST and BST@C003 samples in the
Debye-Callaway model.

Parameter Description Value Method
op Debye temperature 94 K [9]
Bp Effective Burger’s vector 1.2x10° m fitted
%) Longitudinal sound velocity 3622 m s Calculated
Ur Transverse sound velocity 2133 m 5! Calculated
v Average speed of sound 2344 m s Calculated
Y Griineisen parameter 2.33 [14]
r Poisson’s ratio 0.196 Calculated
%4 Average atomic volume of 31.26 A3 [15]
Big sSb; 5Te;
Vpr Atomic volume of Bi,Tes 3.4x1029 m3 [15]
Ver Atomic volume of Sb,Te; 3.31x1029 m3 [14]
Mpr Atomic mass of Bi,Te; 2.79x102° kg [9]
Mg Atomic mass of Sb,Te; 2.07x102° kg [9]
Cy Concentration of Bi sSb; sTe; in 0.25 [16]
Bi,Tes
K Bulk modulus 45.8 Gpa Calculated
T, Sintering temperature 639K Exp.
d Grain size 2.52/2.96 pm Exp.
N, Dislocation density 3x10! ¢cm2 Exp.
R Average radius of second phase 5 nm Exp.
Np Number density of Second phase 3.0x10%? m3 Exp. and
evaluation
D Density of matrix 6.68/6.65 gem™ Exp.
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