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Abstract

In this paper, the SWCNTs/(BizTes)o.72(SbzTes)o.25(Sb2Ses)o.0s composites were fabricated via the
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wet-mixing hot-pressing method, where single-walled carbon nanotubes (SWCNTs) were mixed
with P-type pseudoternary (SbzTes-BizTes-SbzSes) alloy powders in a specific ratio. The influence
mechanism of SWCNTs doping on the thermoelectric properties of the composites was systemati-
cally investigated. The results demonstrate that the incorporation of SWCNTs leads to simultaneous
enhancements in the Seebeck coefficient, electrical conductivity and thermal conductivity of the
composites, which ultimately contributes to a significant improvement in the figure of merit (ZT).
This phenomenon is mainly attributed to the fact that SWCNTs doping modifies the microstructure
of the composites and regulates the carrier transport behavior. These findings indicate that SWCNTSs
doping is a promising strategy to improve the thermoelectric performance of P-type pseudoternary
semiconductor materials, and the research results can provide theoretical guidance and experimental
basis for the performance optimization of thermoelectric materials.
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REVR 5 P15 0 — B2 A BROBL A A 2 75 Sl e A L B R 1 . n] DA AARE S5 L REAH L
R FAATRL, AR Y R R S B AT o BioTes 78 2 RIS N RILH AL Bt e, N A 5¢
J7RE . AHH AT BioTes S HIA B SEPRFE AR IE A m, MBS IRAE Z R BON I L. ik, 7EZ S
Forb, MNIHAITE 7 — Ry B G, BE55ToRIRTH R iR ER TAE . H &R G.
T RS NRTE Tt — B hdm P AR =70 S R RE A ROR 1 R AEM B N Sb. P &2
4JEA La. Ce. MnZEMi1I0%][1] [2], Qing Lou Z5 NiEiT Re $5241/1% SbaoTes(GeTe)1 & =i B2
TOUREE, A SSRLR HKOR, 773 KIS ZT fE &k 2.25, B A & m i P i v RE BT =i [3].

AR, DPRRIHGEN R E . PUORMRHELR A R LR A 235 21 PRI, FRBLH VF
ZAFATARGHAR R B Ar B 5 S I B [4] . X EERFMEON BOR IR RERIIRT I R T Rk LR,
Tl R AE S AR FA R B (ZT {8) 77 TR I Y EORWE JI[5] [6] BRI, AR S 9 SR AN S8
S ZT AR B 2R 5 A BT AE . P RGOKE FA RIFI 3 H S 3, Forh BB R 9K S
e EARR /N . SREEED HE ) BRI IR, 723 S VR RE DT T R LBk, T RMHR R AR
L R T R IR A AT R R R i 5t

TEREM R A SR ER S AR . Yuqi Liu [7]5250NAREFR KL, X T SWCNT /BioTes AR G4 8L,
IR T Z SR HE R S RC IR 4 T BB A A2 HL,  Befe A R TR AH
PRI, TR & G s AR BE . Kim [8]158 N S REiRAE, R SARDIBN(CVD) 5THUE S5 B T e 4
(SPS)HHLZE G (17324 il CNT/BiTes E &KL, TISLHL CNT 1E BipTes AR 355 4 BOF RS AL, 2
FRTHEEMERE I S BOR AT . Li Ying [9]SE58/INHL IS 42 W S EAE SWENT 2% BT n 7Y BizTes 44
Kb, Hoamnk S ReE . SR RTHErE . VEREVREIRYSR, W& S TERE R E A kL. BbAh, MigE[10]E
HEReghik, Hl15 MWCNTSo.00s/(T€0.955€0.05)3 A R EL, ARG B I ECE AL . MWCNTS 1)
Sy a S AR P AR A .

A SRR, T BRAKE B A BORITOEES] ), HE S KRR, X —FEAR T Hm
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FROUHB IR, AR 7 S BOLW 5 BRIk . BN 0 B R R Ak, ARSI
I3 . Wk, AMUTCIETE 0 RARH A OISR AOR , RABI T REAE SRR A BT A SRR, XA}
PR REIE ARSI . BTEL, 1hSREERRGIK S (SWCNTS) LA 205 HOBEJERE . AW A3 T4 Hikb #1
FEERRAURE , BB P RE=Juf SRR, SRITREERANKE 1B AR P R =J5 SRR
ff] Seebeck ZHr. HLFHMMGHLIABMEIIEN, B ENRAEMEITERETL LIRSS A

ESEL
2. LY
2.1. SWCNTs B4t

FREX— 72 ot & 1Y) SR BE B K B (SWCNTS) I 26 LI 73 BN Sl Bt . #8H SWCNTs Ff14
BEI e B THEEEes 1, FRRdisE, iRl B 4% 7E 200~500 rpm, FEFEHFIE] 1 /NEF . BB HERE B 7E (5
BERRYNKE (SWCNTS)TE /U R R VB R A1 2R, G LT ORISR Ak . Bl S, B TR AR I betr
BB ETS AT A . R R, BRI R IS VA P KR, B kR i v e
SHOR . RS, KRG TREVOE THEEs 1, DU (100~300 rpm)fit £ 15 43%h, LAE
i SWCNTs #E— B 51 A TE S B i b . SEsmiggh, o] UR I UG R BL S SWCNTSs [ 3% 42t
FAER M BIIE S, MELORTE AN B BT, 30 USRI IRRSHAAR BAFER KR Y.
BRI, ORI R A ATHL IRA TR EIHE BN ST B AEIF, LR — SN [ R
Yo FEREANE P AR IO T BRI BN R A i A, B L JROR T TEAS [FEE AR I )R Y SEM MR
HRAE 22 s R e B EE 1 h J5 875 30 min i SWCNTs 5 A P BUJE = ok k.

Figure 1. SWCNTs powders with different ultrasonic dispersion durations. (a) Undispersed SWCNT powders; (b) SWCNTs
subjected to 30 min of ultrasonic dispersion; (¢) SWCNTSs subjected to 3 h of ultrasonic dispersion

B 1. AEIBESBATEA SWCNTs #K. (a) KROBIHI SWCNTs #7K; (b) #85 30 min SWCNTs; (c) #BFE 3h i
SWCNTSs

22. EEMRIEHIE

NERREFEFRARIR BN SIS R T BN SERAR 72, B e R EE A A il RS R e e OB,
H T w4 (>99.99%) (il (Te) s #(Bi). £h(Sb)FIATi(Se) B it . AKHREHA KL 2 Tt B LU RR B o RS,
HIINBFEE T o PN BAA D #EAT TRRAC I, 25 B8 T R ARk, DA HEH A N A2 < B
L HA AR, R iE B RO AL, SRS R SR ER . 2 Ja, EHE % B E T
BIERH, B 20°C/min BFHRE Z AT FHRALEE . JFT 680°CIMPREE T AER 1 /N . FEXE A AT,
i SR RR A AR, (R B SR He b, BRI & BRI S G ek AR B
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WHIE SR, (R PR e BIRGRAE. JROTTREL QIR DU A, RIS T
HLFE 42 519 0.038 mm FRIE A .

¥ P AU =T AR 2 53 BT I SWCNTS 43 B0, QkERAERE 10t dE N IR G S Rt
W, BREUSE) 69 PR RIRER . R4S IR T 760YP-150F T T LA AL B N e kbR, iR
BEN 200C, 7109 10MPa, {RIERSIAA 15 /N, il Hi5 SWCNTS 1) P AL = i G ik die
PRE T I E RS PEREI A, ASORA IR DIFIE & A3 315 S 7 i A7 PR i
LR T B S BRI S AR

A S A R 2K FL T T AR ARARHE[12], PR A R E . MR B AR A P =00
S SR BPRHE 45\ BRI (SWCNTS) 2 J5 BT 2B 1 X B8, 40 Seebeck K. LS H LUK T
R, HHATIEIF IR REA . NI PIRANR M B N ERLE R, 5056 B RE AR ) D/max-
2600/PC B X SR AT (LSRG 008, RERDBHEERT UM KU

3. GRS
3.1. XRD 44

53 HT SWCNTSs B AN P BY i =045 S BHUOW 4514 () 8200, 4% SCHL P B4 E — 7648 SWCNTS
e SARMRIHEAT X SERATSS (X-ray diffraction analysis, XRD)7 7. & 2 &Pl 45 i) P AU = J02F S 4444
Bh. BBERRAN KT (SWCNTSs). P B = 5545 SWCNTs £ Sk 0 BHE XRD K. fil& 2 Af WL, 7£ 2-Theta
LN 26" NI E, REMEE B — MBONTEIZ g, HRIEXT R % SWCNTSs f1(006) S fiT 5, X2 mghK e i
RUAT SRS AE . Z0E LT AL L%, BWRE SWCNTs fFE—EMLFEE. XEHB N SWCNTs #i 55
PIATHTIEAIE, FERA RIH BRSO, X —1E0ERH, SWCNTs 785 B 4A M RHE & H 4t # Uk s b
)5, FEEUDYWHREGHEREAETEEMEY, IF3E ML SAAREAOR A 2% A - 35 R,
SWCNTSs & 1H LA R T RAFLE . AERIES, E(221) (343). (-110). (131)%4% & T H B 1 20 (AT S e
XLCWER I, A IR T S A M B AR R E I iR 51 . SWCNTSs BRWE 3 i SRS, X P s
AT DU iR R 55 RS IR B — PP ADIRES, BT DTS I B R 80 HsR R
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Figure 2. XRD patterns of p-type pseudo-ternary semiconductor/SWCNTS
composite materials
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3.2. Seebeck ¥ 5
Seebeck REFIEIA

3
2(2m*k,T )2
S:k_B }/+2|n¥ =
e h°n

k

?B(7+C—2Inn) 1)

A mUNE R, 0 AR TIRE, p NEUETR T, ke NBURZZZHEL h OAEBTE L. C OAGIE,
e NICHATIIAAE . Hi(1)ZUAT%0, Seebeck ZRETHU R T Hm Tk BUREKET.

Table 1. Seebeck coefficients of P-type pseudo-ternary semiconductor materials before and after SWCNTSs doping
5z 1. ¥ SWCNTs Bl 5 P BUE= TS MR Seebeck %

BN Iwt% 0% 0.05%
Seebeck R H/puVIK 117.25 128.9

I 1 ATH, MBS ABRIUKE )G, Seebeck REUEFH K. BRI AR BRI TR A Pt
s B W1 SWCNTSs [ 51 NS AER R = AL B 22 I BRIE . EIXFRESATR , fIRAEERIR T 5 ol ot 7 U
BEFS, 17 ey RE BRI 1)U BE A i . AESX SR A AR FIIEM R, APRHE Seebeck Z¥UA Fir L7t

3.3. BEERERSH

o=neu (2
A n AR FIRE, 1 NEIRFIERE, e Nooiaf. vAL, BRI ER FIREMRRFITEE.

Table 2. Electrical conductivity of P-type pseudo-ternary semiconductor materials before and after SWCNTSs doping

2. B SWCNTs HI. /5P BBE=THSHMPNNBESERY

BNIRE wt% 0% 0.05%
SR04 Qm 2.689 2.79

# 2 2T SWCNTs/(BizTes)or2(Sb2Tes)os(ShaSes)o0s A1 T2 SWCNTs £ Nk A8k
ol 2% SWCNTs AR 25, GTFHAPKE B &L &0 m b 18 S/80 DU s S oM,
W ITRE T B 2 AR A, HETT A AR P I BRI IR AR LA I . AN AN, SWCNTSs i&
REOS A b A A T g, KRz BRI R, BS5RERAmmAMEER, WS
RIS LA A, IR TIERRIRTE, BARRL T IRTHM R S R I BUR

3.4. IR

K=K, +K, 3)
Hrb o NERFER, ke NERTHEE, o NRRREE. BRTRSRNREY
K, =LoT (4)

Hodr L oNIBIE 28 %0 2.44 x 108 WQK 2, ¢ HHLSE, T=300K. BEHSREHELLH

{5
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Kp = §CVVI (5)

Horp Cy LA, v EFE, | Z2F T TS EHE.

Table 3. Thermal conductivity of P-type pseudo-ternary semiconductor materials before and after SWCNTs doping
Fz 3. # SWCNTs g, [5 P RIE= T SHMRINHRS R

BN Wt% 0% 0.05%
MG R/WKLm 0.289 0.300
WM THAFE WKLm 0.197 0.206
En g AT WK m 0.092 0.094

7 3 I T SWCNTS/(BizTes)o72(ShoTes)o2s5(ShoSes)o.0s E A KA F 2 SWCNTs £ A= E 1421
EERAMT, RFRES NIRERNI M2 EArES . BARRE, SRS PR,
X FEER N SWCNTs BN G, WA 1) Satk S5 s m L,  HAERAAR th 7 BUSBON 5], UL
Bl R KA R E N, FrOUBEA AR RS, SIER, SWCNTs 53 7 ihRfissid. I
H SWCNTs 5] N7k 78 Z 80+, BEE SR TR AT RRET, AT SW 8. 7+
BT AFEMEERFRRERILEEHT, SR TFHRSRESR 7 ESMEH, H#MRRE MBI TR
B EAEH.

35. ZESHh
Z [HRIEN

(6)
HIBEAT KD, Z fH32 Seebeck R, HI TR AL,

Table 4. Z values of P-type Pseudo-ternary semiconductor materials before and after SWCNTs doping
4. B SWCNTs Bl FPRE=THSEMEIMN ZE

BN E Iwt% 0% 0.05%
Z {fi/x1073-K? 1.2812 1.5476

%4 R T AR Z (BB AWK, SWONTs $ A5, 12 Seebeck AL, MEH. HE%H)
SERERR, TR A DUILB T A4, I o R RO S 36 ) Z (K, %
15\ SWCNTS F 4B RAL T #t Pkt

4, g5ig

A s R AL P RE =Jo - PR E SR, Horh BRI K (SWCNTS) KIS A
WRIE 0.05 wiool, JHiE XRD 73 #T AL, HLEEGRANKE KIIIATF RGBS A W] B 2, 3K
R HRIRZ AR BN RN, DL IR e

BB R, GRS R GKE (SWCNTS), BEXT P ALK =0 SR E A M RO 2544 77
AR, MR AR . RIS, SWCNTs BISIN, A R8I T 3 7k, R T #0i
THfRAmAE 1. HASBY A MRS, AR R BERI T 2 455 - BIOH FHAS, 170 e BE 8 1 U B 55 IR E 5

DOI: 10.12677/ms.2026.162035 170 MR


https://doi.org/10.12677/ms.2026.162035

F#ET

XG4T Seebeck REAFHNTRT. T H, M-SR MA P IS, RIFEMANFNFIE. EIX=FK
WEFERTE, RO Z (A RRAME) B R . SVFZ U LEHAER], SWCNTs i N\ A IE AR .
=W FSCRR T — PR =T R A PR RE, D Ja SRR R B4t ORI B S T 1A

Sk

[ %N, TG T 7525 P RUR = 0k S H i MRHI SOV 1 5 4 L PR RE I, I ARV 2 11 4R
Rl 2E3], 2019, 35(2): 64-67.

[21 TR P AT = JuEE A4S Sn E A RHIOUL 458 5 H i PERE[D]: [ L2008 3] WR/RIE: I ZRIEIMTE K27,
2023.

[3] Lou, Q., Xu, X., Huang, Y., et al. (2020) Excellent Thermoelectric Performance Realized in p-Type Pseudolayered
Sh2Tes(GeTe)12 via Rhenium Doping. ACS Applied Energy Materials, 3, 2063-2069.
https://doi.org/10.1021/acsaem.9b01915

[4] Hao, X.Q., Yang, H., Jin, Z.L., Xu, J., et al. (2016) Quantum Confinement Effect of Graphene-Like C3sN4 Nanosheets
for Efficient Photocatalytic Hydrogen Production from Water Splitting. Acta Physico-Chimica Sinica, 32, 2581-2592.
https://doi.org/10.3866/PKU.WHXB201606226

[5] Snyder, G.J., et al. (2014) Nanostructured Thermoelectrics: The New Paradigm? Nature Materials, 13, 19-28.

[6] Mitra, A., et al. (2023) Enhanced Thermoelectric Performance in SrTiossNbo1sOs Oxide Nanocomposite with Fe20s-
Functionalized Graphene. ACS Applied Materials & Interfaces, 15, 40678-40688.

[7] Cao, X.Y., Xin, J.B., Wang, Y.Y., et al. (2014) Preparation of Er-Doped (Bi2Tes)o.90(Sh2Tes)o.05(Sb2Se3)o.0s by Mechan-
ical Alloying and Its Thermoelectric Properties. Materials Science and Engineering B, 188, 54-58.
https://doi.org/10.1016/j.mseb.2014.06.007

[8] Kim,K.T., Choi, S.Y., Shin, E.H., etal. (2013) The Influence of CNTs on the Thermoelectric Properties of a CNT/BizTes
Composite. Carbon, 52, 541-549. https://doi.org/10.1016/j.carbon.2012.10.008

[91 Z#Fi. Mk BioTes/SWCNT H & H M BEA R K dsHEREWT D] [l 22 A8 5C]. A s ERF AR R,
2020.

[10] Mi%E. BixTes H: & & H BT R H £ JURFIERT AL [D]: (WL 22 A0 0], K W3 IMyE K%, 2023.

[11] ASM International (2019) ASM Handbook, Vol. 1: Properties and Selection: Irons, Steels, and High-Performance Alloys.
ASM International, 320-325.

[12] WIEER, B, A9, 5. HURE SR A% TR as e f I B YEREDT FE[0]. WIBE 24k, 2006, 55(9): 4450-4455.

DOI: 10.12677/ms.2026.162035 171 ey PR


https://doi.org/10.12677/ms.2026.162035
https://doi.org/10.1021/acsaem.9b01915
https://doi.org/10.3866/PKU.WHXB201606226
https://doi.org/10.1016/j.mseb.2014.06.007
https://doi.org/10.1016/j.carbon.2012.10.008

	Microstructure and Thermoelectric Properties of P-Type Pseudo-Ternary Semiconductor Composites Doped with SWCNTs
	Abstract
	Keywords
	1. 引言
	2. 实验
	2.1. SWCNTs的分散
	2.2. 复合材料的制备

	3. 结果分析与讨论
	3.1. XRD分析
	3.2. Seebeck系数分析
	3.3. 电导率分析
	3.4. 热导率分析
	3.5. Z值分析

	4. 结论

