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Figure 1 (Color online) (a) Powder XRD patterns of Pb,_(GaBi),S (x=0, 0.05%, 0.1%, 0.125%, 0.25%); (b) Hall carrier density and carrier mobility
at 300 K
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Figure 2 (Color online) Microstructures of Pb gog75(GaB1i)g 9125S. (a) Low-resolution scanning transmission electron microscope-annular bright-field
(STEM-ABF) image of Pby g9375(GaB1i), g9125S; (b) EDX mapping of the region shown in (a); (c) high-resolution STEM-ABF dark-field image of Pby 99575
(GaBi)g g9125S; (d) high-resolution STEM-ABF images along [211] direction; (¢) STEM-ABF dark-field image of a vacancy atom; (f) STEM-ABF dark-
field image of dislocations
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Figure 3 (Color online) The temperature dependent electrical transport properties of Pb,_,(GaBi),S (x=0, 0.05%, 0.1%, 0.125%, 0.25%). (a) Electrical
conductivity; (b) Seebeck coefficient; (c) power factor; (d) average power factor at 300-773 K
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Figure 4 (Color online) The temperature dependent thermal transport properties and thermoelectric performance of Pb,_(GaBi),S (x=0, 0.05%, 0.1%,
0.125%, 0.25%). (a) Total thermal conductivity and lattice thermal conductivity; (b) electronic thermal conductivity; (c) ZT; (d) average ZT at 300-773 K
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Figure 5 (Color online) (a) Powder XRD patterns of Pby g9g75(GaBi)g g91255+1%Cu (y=0.5, 1.0, 1.5, 2.0); (b) relationship between lattice parameters (a)
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Figure 6 (Color online) The temperature dependent electrical transport properties of Pby g9375(GaBi)g g91255+1%Cu (y=0.5, 1.0, 1.5, 2.0). (a) Electrical
conductivity; (b) Seebeck coefficient; (c) power factor; (d) average power factor at 300-773 K; (e) the Pisarenko plot at 300 K; (f) Hall carrier

concentration

742



(GaBi)g 00125S+0.5%CukE A 115 pv K& F- %
Pby 99375(GaBi)g.00125S+2%CukEan Y181 uv K™
FE6T3 K25, Cufr i KT 1%, FEShAISH BLIA B %
%, Xt TR iR Culi Fah BB 5 & R ik
JERRIESE R TEL. AEl6(c), ()RTEAE H, T Cu
JE T BB IAL T oM, BENPELE S8R IR 15 2
— B TF: 300 KBS, Pby gog75(GaBi)g oo125S+2%CufE: i
UPF4E T %23.4 uW em ™ K2, [AF7E300~773 Kyt il
M, Pby.oes75(GaBi)g g0125S+2%Cubf il HYPF,, 15 F
17.63 pW em ™' K2,
223 #EMEBERSNT

17 K Pby g0g75(GaBi)g 001258 +7%Cu (3=0.5+ 1.0+
1.5 2.0)FF & A P Az 1 e R i B AR A iy O Rl 26
MIE7(2) AT LABH S 21, S TR ORI, Ko 3
BRI AR R, IF BB IACUR TS, Kot IR
W SIS E, BRI N o 1 B — B FEEE I
FEAR. [AES, AnE7(0)FTR, kRIS R, el
AL, X FEAFE T CulFiF A MR T
WeRE BB B TRl 5 A Culi B[R] 4R i
LB PR RE FIZ e, nZUPOSHEE S # HLPE RES:

(@) 2.8 — . . .
s Pby g9575(GaBi)g gg1255+y%Cu
T Ktot Kat
i —=-PbS  —m3'pps
-0—y=0 -e—
v--E 2112 —A—£0_5 7A,£35
RN ®-y=10 —=-y=1.0
N\ 5 —&—y=15
=3
@’1 A4+
B
< —a&
0.7 = . . .
300 450 600 750
1.2 s
(C) ) ﬁbo 99575(GéBi)o 001255*1Y%CU
—a—PbS —e—y=0 *

0.9} 4—y=05 - y=10
—o—y=15 — y=2.0*,[

~
06
03
0.0 : : .
300 450 600 750
T (K)

Bl 7 (28 RRURAL)Pby g9g75(GaBi)g go125S+y%Cu (=0.5+ 1.0+

PbS-Sb-GeS™!, PbS-Se-Sb-Te™". PbS-SrS-PbCL 12T, K Ll

@ 08555773k

FIERARTE, R TR PF W25 5 5 re KR AR

AUEEAR. WET ()R, 1E300 K, Pby gog75(GaBi)g 09125S
+2%Cubf it I ZPEHTF220.3, 78773 K, HZTEART
£1.0. 1£300~773 KimEEVLFHE N, Pbygosss(GaBi)o 01259

+F2%CukEAn Y 2T, J5 3] 7 0.65, 57Pbg g975(GaBi)g 001259
RS AR L R 8 12%, [R]E B S 1 2 i SOk AR
ZREEEE, E7(FTR. XU GaBits 2 b8
TUSEH Cush BB AR BRI U0 An B PO S PR HL P
AERY EE BRI —.

3 ?nlb

ARSCEEG MBI TRE S EBRMIr, B
F R TR POSHORL SLIR I N B L RE, A RO
T AR A IR PR BRI B 1A, SR T A
B bR iR R PERE SRS TR T IE S R R
KA TIPS TEAA KL FE IR A AL MR RE AU B T E i A5 5
REMOE LR B SR A AL L, P A A
TR ARNA BT, JFE S IR TR, ATt
POSEEAARLIT 2 IR PR RE A HE— 2R T ), 1% T4 5h
P P A R AR FH A E 2 X

() 0.8~ . : ;
Pbg g9875(GaBi)o 001255 +y%Cu

= PbS =0
v 0.6¢ :y=0.5 T};:m 1
- —e—y=15 ——y=20
50.4- - .
$0.2; e,
300 450 600 750

T (K)

Ph0.99875‘GaEi)mOMZSS*Z%C“’l
065

05 051

PbS-Se-Sb-Te

1.5+ 2.0)Ay#Ad iz PEBE IR I A28 k56 R IR AL (E. () MR TR kR
8% (b) BTFHSE,; (0) ZT; (d) 300~773 K45 TAEPb, go575(GaBi)g 001258 +2%Culfl 2T, 5 PbS-In-Zn>",

PbS-CuSbS,+C1”?), PbS-Na-Cu,S™,

Figure 7 (Color online) The temperature dependent thermal transport properties and thermoelectric performance of Pby g9g75(GaBi)g g9125S+1%Cu
(»=0.5, 1.0, 1.5, 2.0). (a) Total thermal conductivity and lattice thermal conductivity; (b) electronic thermal conductivity; (c) ZT; (d) comparation of
average ZT of Pby gog75(GaBi)y 01255+2%Cu in this work with that of PbS-In-Zn">"", PbS-CuSbS,+C1%", PbS-Na-Cu,S””, PbS-Sb-GeS™", PbS-Se-Sb-

Te™, and PbS-SrS-PbCL™" in 300-773 K

743



4

30 & 20255528 $£70% H£6H

11

12

13

15

16

17

18

19

20

21

22

23

24

25

26

27

28

744

DiSalvo F J. Thermoelectric cooling and power generation. Science, 1999, 285: 703-706

Hughes T P, Kerry J T, Alvarez-Noriega M, et al. Global warming and recurrent mass bleaching of corals. Nature, 2017, 543: 373-377

Tan G, Zhao L D, Kanatzidis M G. Rationally designing high-performance bulk thermoelectric materials. Chem Rev, 2016, 116: 1212312149
Zhao L D, Lo S H, Zhang Y, et al. Ultralow thermal conductivity and high thermoelectric figure of merit in SnSe crystals. Nature, 2014, 508: 373—
377

Hong T, Qin B, Qin Y, et al. All-SnTe-based thermoelectric power generation enabled by stepwise optimization of n-type SnTe. ] Am Chem Soc,
2024, 146: 8727-8736

Qian X, Wang D, Zhang Y, et al. Contrasting roles of small metallic elements M (M = Cu, Zn, Ni) in enhancing the thermoelectric performance of
n-type PbM,;Se. J Mater Chem A, 2020, 8: 5699-5708

Tang G, Wei W, Zhang J, et al. Realizing high figure of merit in phase-separated polycrystalline Sn,_Pb.Se. ] Am Chem Soc, 2016, 138: 13647—
13654

Zhao L D, He J, Hao S, et al. Raising the thermoelectric performance of p-type PbS with endotaxial nanostructuring and valence-band offset
engineering using CdS and ZnS. J] Am Chem Soc, 2012, 134: 16327-16336

Qin B, Wang D, Zhao L. Slowing down the heat in thermoelectrics. InfoMat, 2021, 3: 755-789

Sun J, Zhang Y, Fan Y, et al. Strategies for boosting thermoelectric performance of PbSe: A review. Chem Eng J, 2022, 431: 133699

Toberer E S, May A F, Snyder G J. Zintl chemistry for designing high efficiency thermoelectric materials. Chem Mater, 2010, 22: 624-634
He J. The roles of grain boundaries in thermoelectric transports. MatLab, 2022, 1: 220012

Hou Z, Wang D, Hong T, et al. Boosting thermoelectric performance of n-type PbS through synergistically integrating In resonant level and Cu
dynamic doping. J Phys Chem Solids, 2021, 148: 109640

Liu Z. Challenges for thermoelectric power generation: From a material perspective. MatLab, 2022, 1: 220003

Liu Z, Hong T, Xu L, et al. Lattice expansion enables interstitial doping to achieve a high average Z7T in n-type PbS. Interdisciplinary Mater, 2023,
2: 161-170

Zhao L D, Zhang X, Wu H, et al. Enhanced thermoelectric properties in the counter-doped SnTe system with strained endotaxial SrTe. J] Am Chem
Soc, 2016, 138: 23662373

Chen Z, Cui H H, Hao S, et al. GaSb doping facilitates conduction band convergence and improves thermoelectric performance in n-type PbS.
Energy Environ Sci, 2023, 16: 1676-1684

Hou Z H, Qian X, Cui Q J, et al. Strategies to advance thermoelectric performance of PbSe and PbS materials. Rare Met, 2024, 43: 4099-4114
Liu W, Xu L, Xiao Y, et al. Strategies to advance earth-abundant PbS thermoelectric. Chem Eng J, 2023, 465: 142785

Sun F H, Li H, Tan J, et al. Review of current ZT > 1 thermoelectric sulfides. J Materiomics, 2024, 10: 218-233

Pei Y L, Liu Y. Electrical and thermal transport properties of Pb-based chalcogenides: PbTe, PbSe, and PbS. J Alloys Compd, 2012, 514: 40-44
Qin'Y, Xiao Y, Wang D, et al. An approach of enhancing thermoelectric performance for p-type PbS: Decreasing electronic thermal conductivity. J
Alloys Compd, 2020, 820: 153453

Luo Z Z, Cai S, Hao S, et al. Valence disproportionation of GeS in the PbS matrix forms PbsGe;S;, inclusions with conduction band alignment
leading to high n-type thermoelectric performance. ] Am Chem Soc, 2022, 144: 7402-7413

Xiao Y, Wang D, Zhang Y, et al. Band sharpening and band alignment enable high quality factor to enhance thermoelectric performance in n-type
PbS. J Am Chem Soc, 2020, 142: 4051-4060

Hou Z, Hong T, Wang D, et al. Contrasting thermoelectric transport properties of n-type PbS induced by adding Ni and Zn. ACS Appl Energy
Mater, 2021, 4: 6284-6289

Li N, Wang G, Li J, et al. Enhancement of thermoelectric performance for n-type PbS via synergy of CuSbS, alloying and CI doping. J Alloys
Compd, 2022, 899: 163362

Zhao M, Chang C, Xiao Y, et al. High performance of n-type (PbS),_,_,(PbSe),(PbTe), thermoelectric materials. ] Alloys Compd, 2018, 744: 769~
777

Hou Z, Qiu Y, Ren D, et al. Enhancing thermoelectric transport properties of n-type PbS through introducing CaS/SrS. J Solid State Chem, 2019,
280: 120995


https://doi.org/10.1126/science.285.5428.703
https://doi.org/10.1038/nature21707
https://doi.org/10.1021/acs.chemrev.6b00255
https://doi.org/10.1038/nature13184
https://doi.org/10.1021/jacs.4c01525
https://doi.org/10.1039/D0TA00174K
https://doi.org/10.1021/jacs.6b07010
https://doi.org/10.1021/ja306527n
https://doi.org/10.1002/inf2.12217
https://doi.org/10.1016/j.cej.2021.133699
https://doi.org/10.1021/cm901956r
https://doi.org/10.54227/mlab.20220012
https://doi.org/10.1016/j.jpcs.2020.109640
https://doi.org/10.54227/mlab.20220003
https://doi.org/10.1002/idm2.12056
https://doi.org/10.1021/jacs.5b13276
https://doi.org/10.1021/jacs.5b13276
https://doi.org/10.1039/D3EE00183K
https://doi.org/10.1007/s12598-024-02774-x
https://doi.org/10.1016/j.cej.2023.142785
https://doi.org/10.1016/j.jmat.2023.05.011
https://doi.org/10.1016/j.jallcom.2011.10.036
https://doi.org/10.1016/j.jallcom.2019.153453
https://doi.org/10.1016/j.jallcom.2019.153453
https://doi.org/10.1021/jacs.2c01706
https://doi.org/10.1021/jacs.0c00306
https://doi.org/10.1021/acsaem.1c01045
https://doi.org/10.1021/acsaem.1c01045
https://doi.org/10.1016/j.jallcom.2021.163362
https://doi.org/10.1016/j.jallcom.2021.163362
https://doi.org/10.1016/j.jallcom.2018.02.152
https://doi.org/10.1016/j.jssc.2019.120995

Summary for “HiiF K EMAL S5 Fh 552452 RinBUPbS YE I i B L kAR

Carrier concentration optimization and dynamic doping
enhance the thermoelectric performance of n-type PbS
over a wide temperature range
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Thermoelectric materials are essential for converting waste thermal energy directly into usable electrical energy and vice
versa. This capability significantly enhances the efficiency of fossil energy conversion and contributes to environmental
protection. Exceptional thermoelectric materials must exhibit both a high power factor and a low total thermal conductivity.
Achieving a high power factor over a wide temperature range while maintaining a relatively low lattice thermal
conductivity is critical for obtaining a high average figure of merit, which is vital for improving the efficiency of
thermoelectric conversion across various temperatures. Optimizing a single thermoelectric parameter alone does not
significantly improve the overall properties of the material. Therefore, contemporary thermoelectric research focuses on
effectively regulating these parameters to enhance the Z7 value. Lead chalcogenides, PbQ (where Q = Te, Se, or S), are
mid-temperature thermoelectric materials renowned for their stable properties and excellent performance. PbTe, in
particular, is a typical thermoelectric material that maintains a stable crystal structure and avoids phase transitions within its
operational temperature range. It features a highly symmetric electronic band structure and a complex phonon band
structure, which facilitates versatile control over its thermoelectric performance. However, the limited availability and high
cost of tellurium in conventional PbTe compounds may constrain their widespread applications. As a result, PbS-based
thermoelectric materials have attracted significant attention due to their abundant elemental resources, low cost, and high
thermal stability. Current research on PbS focuses primarily on enhancing its carrier concentration through heavy element
doping to achieve superior thermoelectric performance at medium to high temperatures. However, this approach often
results in poor thermoelectric performance near room temperature, severely limiting its applications in thermoelectric
cooling technologies. In this work, the carrier concentration of n-type PbS is synergistically regulated through the inclusion
of trace amounts of GaBi, resulting in a PF of 21.70 yW cm™' K> atroom temperature. Meanwhile, the formation of Ga/Bi
interstitial atoms and dislocation defects enhances phonon scattering, thereby reducing the lattice thermal conductivity of
PbS. The ZT,,. of Pby 99375(GaBi), g9125S reaches 0.58 in 300—773 K. To further optimize the thermoelectric performance of
n-type PbS over a wide temperature range, Cu atoms are introduced to realize dynamic doping of the carrier concentration.
The PF,, of Pbg 99375(GaBi) g91255+2%Cu increases to 17.6 uW em™' K%, and the ZT, e 18 further increased to 0.65. This
work provides a new method for optimizing the thermoelectric performance of PbS near room temperature, which is crucial
for advancing the application of PbS-based thermoelectric materials in thermoelectric refrigeration.

thermoelectric materials, n-type PbS, carrier concentration, dynamic doping, ZT value
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