552 B 1 TR O % Vol. 52, No. 1

2024 4 1/ JOURNAL OF THE CHINESE CERAMIC SOCIETY January, 2024

http://www.gxyb.cbpt.cnki.net DOI: 10.14062/j.issn.0454-5648.20230333

g oa if

Bi, Te; FLH RUBHREH Y 7 7 LR

ANERS gARL 2 B T RN ZRAL B L REMAL FRR

(1. TN RS RIRL Y 5 TR 2R, 28 Dl 243002; 2. LTI it & BmiRlah a4 5 R mE AR E
SIS, R0 DAL 243002; 3. ZECKFEM BRI S TR, S8 230601; 4. thERFEFEAR K SRR
2BE, AN 230026)

 E: BiyTe; Z& &KMLM RAHZTEREN BURAS R AR X AR R 83250 . JR1 i BiyTes 2 & @ HlE FI AR
KRB A FAL AR AR, Rkt — P37t BiyTes ZEMBHIA ML 27 X8, T WA SRS RS HOCHK
B, fERGEYERRSEREOVIST, Bk, AR EPEREIVETIR T, B T TR I T RSO RTE 2T (R E
Trike AL EELIR TIFEAREEPORKNE . BRREEH . POKRE S BARMBINEEFES S T TR BiyTes ZAPRHA
RLVERER) T ZEWE LS o SR IX e AL T BT DL 2 B R U . B TR L s T B iR, BipTes ZEAP R &5
IR B FEFEC, RARIERERIEIRTE, RS S S BBt AN BOR S8

Of..
KEEIR: MRALARFEIRGERDRL; AP IRE RS ER, AR = n "'ﬂ'
RESES: TGI3224  XHFSR: A XEHS: 0454-5648(2024)01-0203-15 g
4% AR A ). 2023-12-08

PP RME R —FoBT B REIRA LR AT LS SRR, o PTRIRON:

BEIT HL RS 1 LR M LA T 46 32 ey, M L A% o2l @)
GLRHL, A PPRIE S A B SRR AR AR 3 TE 3

ANy THMGZEZh et 557, Bl R makss N G RIRE; v, BF TIRBIB AR |
SR B IR E, BREACRAER s AT TRAEBRE: « BETIIERE. FoyibiE
B 7 T 4 5 A L L G B B R IFIE) ¢ FIECET R o' b, BT RARE K A5 L
BHERNRECH KR E, T=SoThk, Hh: o  RXTHHAE. BRI 7R iR,
NHSZE, S N Seebeck RE; T NANHEIE: « o pRMA B %, I SiGe &4, Rk
RS, HRATASRQMBRR SRR  APCPL JETPL Heusler #r o §4kR0 ]
AR, SRR S, TR, B 5. BiTes R EYIMEME 2t it 7 i 5 1 #4
B R . TR 2T 1 /N 3 MO AR — o T BR(E=0.14 V) FIBHARR I
o SH KM B2 [A3RE 4, MLAMMMBESE—SY  HEWCETBEREW, ¥ ¢ Hibl-Te"-Bi-Te®-
TIAEIIE 2 A3, W EEERARET BT -FHS 5 MBI Te EM Bi 20
(S FLal FRTTRER NG R, DIt tigery AR AAHIK Seebeck REABULA TR, £
WEEAN, HR TS 2 kM Wiedemann-Franz AT A BRI FE SR AERRE, 78 2 1) A S sk

T N LR IE, BigTes ZAEHT 2T
k. =LoT () MECIRGERIRTT . kil A 7 TR A

X H: L J& Lorentz (. #iAi TGRS H SRk MBS P BE O A ! ), (B0 %515 BiyTes
MRS, MEDLER MRS, BT DL S LR RS o FA Gl A TR A IR PR RE I S 4 i E R
SRR S S R B IS R AR Do RILUHR T AR LA . R R

WeRs H A 2023-05-16. 1T H#E: 2023-06-10. Received date: 2023-05-16.  Revised date: 2023-06-10.
HEWHE: ZHANTEHEDE (2208085Y17); LB wke W [F 6137 1 First author: LIU Zhiyuan (1982-), male, Ph.D., Associate Professor.
H(GXXT-2022-008); %K H A 4H5:42(51872006). E-mail: zhiyuanliu826@ahut.edu.cn

B JEE1982—), B, i, ElHE.



. 204 - CRERR Sh2230)

J Chin Ceram Soc, 2024, 52(1): 203-217

2024 4F

THOMEER, 208 7UreRiE 5 7 TRy
VRN Biy Tes bt Rk B M B 1 ZERF T ik
JE(E 1), X T B LR . P TR

BST represents Bi-Sb-Te alloy thermoelectric material.
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Fig. 1 Phonon engineering in Bi,Te; base thermoelectric materials
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Table 1 Preparation process and thermoelectric properties of Bi,Te;-based metal nanocomposites

Sample Preparation method TK ox10%(S'm?) S(uVv-K") m/(Wm'K") »Wm'K") 2T
5 mol MgO/Bi sSb; sTe;** Melting+hot-pressing sintering 375 5.93 185 0.87 125 0.62
5% (in mole) VO,/BigsSb; sTes* Melting+hot-pressing sintering 375 6.94 186 0.87 1.29 0.69
2% (in mole) Au-ND/Bi,Te;NT®”) Solution phase reaction+SPS 480 8.46 —164 0.50 1.15 0.95
2% (in volume) Ag/Bi, Te;!*! Hydrothermal method+SPS 475 5.35 -137 0.16 0.62 0.77
1.5% (in volume) Ag-NW/Bi,Tes!"*!  Hydrothermal method+SPS 475 6.06 -136 0.29 0.75 0.71
5% (in volume) ZnO/Bi, sSbysTe;!*?  Ball milling+SPS 337 4.67 242 0.30 0.71 1.30
5% (in volume) ZnO/BiTe, sSeos*®  Ball milling+SPS 423 8.97 -161 0.30 1.20 0.82
1% (in volume) y-Al,O03/Bi,Seg3Te, /'*” Melting+SPS 405 1.15 ~155 0.43 1.13 0.99
ALO3/BizSeqsTey A Polyol reduction process+SPS 300 2.50 -128 0.56 0.85 0.20

T is absolute temperature; o is electrical conductivity; S is Seebeck coefficient; & is lattice thermal conductivity; i is thermal conductivity; zT is dimensionless

figure of merit.

R 2 BiTe; MR ESREMBIAG & T ZFMMAEIEEE

Table 2 Preparation method and thermoelectric properties of Bi,Te;-based magnetic nanocomposites

Sample Preparation method

7K ox10%Sm™ S/(uv-K") x/(Wm'K") #Wm'K" 2T

0.15% (in mass) Fe3O4/Biq'5Sb1,5Te3“4°] Hydrothermal method+SPS

1% (in volume) NiTe/Bi, Te;"*"! Solvothermal method+ball milling

0.3% (in mass) Ni/BizTCszC()_g[Mz] Solvothermal method+SPS

0.4% (in mole) Ni/ BizTe2_7Seo_3“43] Solvothermal and thermal
decomposition+SPS
0.2% (in mass) Hydrothermal method+SPS

BizFe409/Bi0_4Sb1 _()Te3[ 1441

340 6.23 251 0.56 0.89 1.50
368 16.58 -125 2.01 0.12
360 7.84 -207 0.66 1.10 1.10
425 2.56 -165 0.25 0.45 0.66
393 7.99 205 0.68 1.20 1.10
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Table 3 Preparation method and thermoelectric properties of Bi,Te;-based nanomaterials composed of allotropy of carbon

Samples Preparation method /K ox10%Sm™" S(uv-K") x/(Wm'K") »#Wm'K") zT
1% (in mass) graphite/Bi;Te;!"*%! Solid-state reaction+ball milling 315 0.77 0.81

1.5% (in volume) GQDs/Bi;Tes! ™' Ball milling+hot-pressing sintering 494 7.57 -126 0.3136 1.08 0.55
MWCNT/Bi,Tes!"**! Hydrothermal method 333 5.75 ~134 0.456 0.93 0.37
1% (in volume) Hydrothermal method-tball milling 327 9.12 —-123 0.22 0.94 0.48

Bi,Te;/CNT/PEDOT!*)

20 nm-GQDs-ND/Bi, Te;!*") Solution phase reaction 425 3.85 -150 0.44 0.67 0.55
0.7% (in mass) CNT/Bi,Te;!"*"! CVD+solution phase reaction 473 6.69 -128 0.13 0.61 0.85

5 BRIk

Bi,Tes /& HZ M@ van der Waals 185800 1o
TCIEH R, (FRNRIEFARE 1R 2 2 A5 H#,
T _E BiyTes 4 AxBs AL AW 0T LUE BTG B [T
i, FE BiyTes ZER A RME S 28 v 7 T B 4548
o BipyTes ZEA & MBI F 2% Bi Ar(El Te fir)
HEATHUR, a3 OB A (B TR B, TERR p
BB n B)BiyTes MM Bl EFESEM G
BiyTe; FEFHMPRIEEAT 15 2% Re 8 A 200 A1 #vin iz
PEREIEATARAN, 05 e AR B I A o o TR
fil# T2, BAonzEREE, Hif2iAt
BiyTes &Rl 2T [EEZ 7. X BigTe; 244
AR TS 2 ME S BURAS AT R PR 2 [
BLAR 3 ATH: 1) FIAFHALGER SR
2) LR ST N S B P T U g s,
3) B A PR IS B S 0 P s SRR R L AL A

1 RAR SR 22 KRB R TN, B o R
PR F 2T AR TR P4, @54
TZHEEH BB R Rk A T2 . TR
BREEV, BEERESET MBI, A A MR RSk,
P TLE A R T A B 1 5 AR B b aE A
SPS FRE IR Hh FE LI J5AH (A0 By TeOs 2% AH B ER AL
BTHIE) Te Z4MI%5) & 16 B iR IR BEA K25 58 R s it
NI, PRSI AL, i & AR
E LRI BigTey MRS 100100 syl >k 25 1)
FLEE ) TT LABRAS K 75 7 dinis, 3 PRI R 1Y)
WMEE, K4 RIEFRAFITTRBIRN BiyTes FEHA
HATRH 8 T2, SRR 2T 8.

B 76 Bi Aral Te A EURIB AL, B 2]
FR35 . B4R 71N BiyTes TLIt)= Z ][] van der
Waals [EIBRTS 1770, Liu 25052 5 R 0] F 147 2 10 75741
PF & RS 2(0.8~1.2 W-m "K' @300 K)
(R Cu,BioTes 49K, 7T R4 x<0.05 it 4

R4 TRITRIER Bi,Te; BRBIMRINGF770E. ASE. RRASEN TE

Table 4 Preparation method, lattice thermal conductivity and z7 values of Bi,Te; thermoelectric materials doped with

different elements

Sample Preparation method T/K A/(W-m'KY  g(W-m K™ 2T
BizoGe, Teg!' ! Solid state melt-grown method 325 0.74 1.63 0.90
Ceoszil_gTeg[ls 3] Hydrothermal method-+hot-pressing sintering 398 0.51 1.29
Bij 05GegosTes! ™" Solid state melt-grown method 320 0.46 0.81 0.95
BizTezvglo_l[m] Hydrothermal method-+hot-pressing sintering 448 0.09 0.79 1.10
Bi,Te, St Solid state reaction 413 0.53 1.20
BizTCszC()_g[ng] Oxide reduction process+mechanical milling 373 0.52 1.05 1.05
Bi,TesSep s Hydrothermal method+SPS 300 0.56 0.97 0.42
BiyTes gsSeq 15 Gas atomization+SPS 623 0.93 131 0.76
BigsSby sTes!'*! Zone melting method 350 0.56 0.90 1.15
Cll().g7Bi2T62.6g[ 165] Disproportionation redox reaction+SPS 415 0.30 0.87 0.67
Bi]Ang(]_]TC;;[lés] Microwave-solvothermal method+SPS 432 0.70 0.70
Bi; oLug, Tes!'* Microwave-solvothermal method+SPS 432 0.62 0.85
BilAgLuo,lTeJ'm Hydrothermal method+hot-pressing sintering 373 0.62 1.70
Mgo.01Bij 9oTes! % Solid state reaction+SPS 350 1.01 1.59 0.80
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Transmission electron microscope (TEM) images of Bi,Te, 7S¢ 3 treated by (a) traditional hot pressing (HP) and (b) step-hot-pressing (SHP), (c) the high-angle

annual dark field (HAADF) image of Bi,Te, 7Se 5 treated by SHP.

B2 bR E T 200 BigTe, 7Seq s US54 A0 % 4 5 S g s )

Fig.2 Effects on microstructure and lattice thermal conductivity of Bi,Te, 7Sey ; by step-hot-pressing
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Extended Abstract

Bi,Te; based alloys have attracted considerable attention in low-temperature thermoelectric materials due to their superior
electrical transport properties and low thermal conductivity. However, the conversion efficiency of thermoelectric power generation or
refrigeration devices made of Bi,Te;-based alloys is still low. It is thus crucial to further improve the thermoelectric figure of merit z7
of Bi,Te; based materials. There are some correlations between lattice thermal conductivity and electrical performance parameter.
Reducing the lattice thermal conductivity by phonon engineering becomes an important method to increase z7 without deteriorating
the electrical performance. This review summarized the main research progress in recent years to optimize the thermoelectric
properties of Bi,Te; based materials by phonon engineering, such as nano-modification, superlattice structure, nanocomposing,
doping and adding dislocation arrays. The effect of the optimization method on the specific heat capacity, phonon group velocity and
phonon mean free path was discussed. The specific heat capacity, phonon group velocity or phonon mean free path of Bi,Te; based
materials can be significantly reduced by the optimization methods. As a result, the lattice thermal conductivity of Bi,Te; based
materials is significantly reduced, leading to a significant increase in the thermoelectric properties.

Nano-modification: The interface density is increased via low dimensionalization and grain refinement, resulting in an enhanced
scattering of low-frequency phonons, reduced phonon mean free path and phonon group velocity, significantly reducing the lattice
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thermal conductivity. Nowadays, the grain size and morphology of Bi,Te;-based alloys can be precisely controlled by mechanical
milling, MBE method, hydrothermal method, chemical vapour deposition and wet chemical method. Bi,Te; nanostructures with a
ultra-low grain size can be prepared. However, heat conduction cannot be completely prevented even at rather small sizes due to the
incomplete suppression of low-frequency phonons. Therefore, it is difficult to improve z7T by a single low-dimensionalisation and
grain refinement method. The specific surface area can be increased either by combining the phases of different nanostructures to
form a heterogeneous interface or by introducing special nanostructures such as twins and nanopores, which can strongly scatter the
low-frequency phonons caused by lattice mismatch and lattice vibration, and further reduce the lattice thermal conductivity.

Bi,Te;-based superlattice structure: Furthermore, in the microscopic and mesoscopic scales, the superlattice structure generated
by artificially controlling the ordered arrangement of atomic layers of Bi,Te;-based materials is considered as the optimum candidate
material to achieve the ‘phonon glass-electron crystal’ thermoelectric material standard. Especifically, the quantum well structure in
the thin film superlattice produces an intense boundary scattering effect and a quantum confinement effect on phonons, resulting in a
decrease in the mean free path and group velocity of phonons, greatly reducing the thermal conductivity of Bi,Te;-based
thermoelectric materials. The bulk superlattice structure of the Bi,Te;-based alloy relies on its complex crystal structure and
acousto-optic coupling effect, causing a low cut-off frequency of phonon mode and an intense phonon resonance scattering, and
resulting in a low intrinsic thermal conductivity. In addition, the low phonon group velocity caused by chemical bond softening and
lattice anharmonicity is also a reason for the low intrinsic thermal conductivity of the bulk superlattice structure of Bi,Te;-based alloy.

Nanocomposites, doping modification and dislocation arrays: Nanocomposite and doping modification are the main approaches
to improve the thermoelectric properties of Bi,Te;-based materials. In the nanocomposite process, the nanoparticles dispersed in the
thermoelectric material do not enter the matrix lattice, but attach onto the surface of the matrix grain, forming a heterogeneous
interface with the matrix. Also, introducing nanoparticles increases the grain boundary density, resulting in a further scattering of low
frequency phonons. Doping modification is achieved by doping elements entering the Bi,Te; lattice, replacing Bi site (or Te site) or
entering the van der Waals gap for interstitial doping. This process can introduce multiple scattering centers such as grain boundaries,
point defects, in-situ precipitates and dislocations into Bi,Tes-based alloy, enhancing a multi-scale scattering of phonons and
effectively reducing the mean free path of phonons. Combined with the preparation process such as sintering, the dislocation array is
increased, which leads to a higher scattering intensity of intermediate frequency phonons, further reducing the lattice thermal
conductivity.

Summary and prospects The phonon specific heat capacity, phonon group velocity and mean free path of the Bi,Tes;-based alloy
could be effectively controlled by phonon engineering including nano-modification, superlattice structure, nanocomposite, doping and
introduction of the dislocation array to achieve a sufficiently low lattice thermal conductivity. The electrical transport properties were
optimized by the carrier engineering and energy band engineering techniques, and the synergistic regulation of the electrical and
thermal transport properties was realized. As a result, the thermoelectric properties of Bi,Te;-based alloys were significantly improved.
This provided a scientific and technical support for the application of thermoelectric devices. However, a lot of work remained in
improving the thermoelectric properties of Bi,Te; materials by phonon, carrier and energy band engineering. Nevertheless, the
large-scale commercialization of Bi,Te;-based alloys as thermoelectric materials still attracts much attention. Also, interdisciplinary
research in thermoelectricity and other disciplines becomes popular. The future research and large-scale application of Bi,Tes
thermoelectric materials are expected.
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