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Abstract: The cold sintering process (CSP) is a new sintering technology which is able to
densily ceramics below 300°C with the assistant liquid phase. CSP is not only simple to operate, low
in cost, but also energy-saving and consumption-reducing. developing great prospects in preparing
bulk thermoelectric materials. In this paper, Bi,Te; ;Se, ; powder was prepared by a solvothermal
method. The corresponding bulk was fabricated by CSP with the addition of 0 wt% liquid phase,
10 wt% H,0O, 10 wt% EG and 10 wt% NaOH solution respectively, and then compared with the sample
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prepared by spark plasma sintering (SPS). XRD pattern shows that all samples are not oxidized by
air. The density measurement results show that the density of samples added with NaOH solution or
H,O is as high as about 97%, which is about 7% higher than that of sample added with 0 wt%
liquid phase. Among all the samples prepared by CSP, the sample added with NaOH solution has
the highest ZT value of 0.9 at 375 K, which is higher than that of the sample prepared by SPS from
300 K to 400 K. Our results show that CSP is a very promising method to prepare Bi, Te, ; Se, s bulk
thermoelectric material.
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BOBEWIMAREA 70 mL 4 B (AR K BBt IR A S IR A, 35 Hi ik 20
Lt . 4 3k & 0. 5518 g BiCl, (AR, [ 25 4 1) . 0. 5235 g Na, TeO; (99. 9%, Adamas) . 0. 0454 g
Na, TeO; (99. 9% , Adamas) A BIFE W A f R BE I FEGSG 8 7 T IR T I 2 & 2%
WS IE NI B, RIGISFAR BB E 100 mL R IUF ZENE T RGNS EESSEH . 5)G
R B E XHLAR L 78 200°C MRS R BROME 20 b, 2R S8 LR B 25 2T LB KR K 4
53 A BB, ABR L5 B ) NaOH DL AR R 1), 5 n Beob iR & F I 2s AR o 78 60°C F T
12 h, RP il #5452 Bi, Te, - Se s M4
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AT VS NS [R) 285 28 B A L o V8 R 45 1% 4 (JDP-308, | g K5 ik B 2% 1 88 A7 PR 2N A1) % BT 15 1
Bi, Te, - Se, s B3R BELE (UK . 2 EFRE 6.0 g Biy Te, ; Sey s M3 R B FWFE TR 0 wtomi & 10 wtb
A L R AR S B9 A 2 B8 H, O, 4 TR (EG) L 0. 25 M NaOH 3% ¥ 1 5 (8 F F 4k 4%
Bi, T, ; Seo s B3R 5 WA 2 A BB IR 5 57, SR 5 BHIR G 45 09 8 M PR ol 5% 3% 31 ¥ Be 45 B B b (910
mm) . Jifi il 160 MPa ) JE 38R 5 525 - A 15°C /min @9 THE R T+ 2 300, 4715 30 min (8] {75
M E s S R E TR S . IR R AR N EEREEE. AR S EL R 6 mm 5 & AR
Bi, Te, ; Sey s Btk . A LW 1 SPS % & (SPS-3T-3-MIN (L), I 1 J2 &R B0 A BB A &) #E17
Bi, Tey - Seo. s By I B 45 IVEXT H . B2 it B 0 7 Has Ol 6 Pa (9 2544 L LA 50°C /min 1) F- i 380 %
THEZE 350°C 8 IR JE LI X Bsh T F1 o8 60 MPa FAREE 6 min, Rl 4454 28 B 208 6 mm (9 [ AR
Pk, & VGRS TR R B8 45 77 21 95 Bi, Tes. Seo s KR & T T2 S50,

i 1 SPS EJi CSP fﬁ“%ﬂ/‘] Biz TelTSeOA;i HMZISEQ%ID‘?IEé%ﬁ
Table 1 The process parameters of the bulk Bi; Te, ;Se) 5 sample prepared by SPS or CSP

soaking
Liquid phase Liquid phase temperature pressure sintering
Sample name 5 time
addition type C (MPa) ) equipment
(min)
SPS / / 350 60 6 SPS
CSP-0 wt% / / 300 160 30 Csp
CSP-10 wt% EG 10 wt% EG 300 160 30 CSP
CSP-10 wt% H,O 10 wt¥% H, O 300 160 30 Csp
CSP-10 wt% NaOH<(aq) 10 wt% 0.25 M NaOH & 300 160 30 CSP

1.3 HmE R

AT X FEATEHL(XRD, SX-2700BH, PR i T ER AT B2 WD B AT il £ 1) Bi, Te..; Seo s B AR
B o T T8 TR 3 ek I s DK A ok O R A O 0 % L L 3 R S A R T B U (FESEM,
MAIA3, TESCAN /A G AREZ Bi, Te..; Se,  BUA W E 5 . SR ZEM PUg4 3 (ZEMR3, ULVAC-RIKO 24
AU A i 1 R e R R R DL 5 R SR B R AAOR It R 4 (8404, AR J B4 A ZR 2 1 1A RN /D
AR EIR T AR FHERT R, MSFRAAR «=C,Dp 183, Hr.,0.C, F1 D 251 0 Fom e 5 1%
A YR, C a2 AR Bl Te, BIEE R Cupr =108, 6-+5. 53 X T, Biy Se; YNy
Copr =118.61+1,92X T , {1 F Bi, Te; 45 Bi,Se; MIAIEH 8235 . A I Bi, Te,-xSex BT A C, =
[Conr (3-2) +Cops, 1/3 T I HZR AL D i d B0 AL (LFA457 NETZSCH A "Dl &
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Figure 1 (a) XRD pattern, (b) enlarged XRD patterns showing the diffraction peak of 25-32 and (c¢) EDS
mapping of the Bi; Te, ;Se, ; powder
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Figure 2 XRD patterns of Bi, Te, ; Sey s bulk along the in-plane direction obtained by SPS and CSP
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) 58 J3E IS R R ARG, ZE NI 10 wt %6 NaOH (aq) Be 4k J& » (006) I A1 (0015) 14 fy i BE W M ifE— 2B BRI . 1t
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Figure 3 SEM images of the fractured surfaces for bulk Bi, Te, ;Se, s alloy obtained by CSP with (a) 0 wt% liquid,
(b) 10 wt% EG, () 10 wt% H,O and (d) 10 wt% 0.25 M NaOH(aq) and (e) SPS, and (I) corresponding relative density
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DS H, O Ji b PR 32 T Bl AR 29 ST AR AL 38 A7 A1) 1 02 BE A PR 1K) Z T HE 1 L 410 1 B 24 i R i £ i
TEkE T AR T4 & T BUF B . W NaOH Caq) ¥ 58 25 169 FF i 97 180 B2 SR WA L, {0473 )
AW 2 7 3 FG AL FE S I O w0 WRORH ARG 5 485 45 75 BN 58 2% R B0 R 96, 6596 L A X T H. O
R ity » L0 R I Rl X T BB R NaOH A B (19 %5 L Bi, Te. s Seo s (13 2. BZ ML T A
IS INRAH S e 45 M RE & VR I 1026 HL O Al NaOH Caq) 1 RE & 1) 308 1 46 =15 2, U IR I 4 38 19 7
A4 R FA22E Bi, Te, ; Seo s & 4 FIBSLEBUF AL . SPS B3R i i I 1 5 A7 22 40 2% W 24 LG LR 3t
L 2 B I R BUR AR &7 X ] e AE be 45 I I e v L 28 0 A R s AR A A
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BB i 1 P R S AT ARV PR 2 B i v s B TR R = R NI 10 w26 NaOH Caq) B i » LU JE S
10 wto H, O R & e 5 RN O wi 20 WA PR & oAb, SPS B 5 1 B 5200 55 48 Be 45 A 5 1)
ML TR E R FIAH] 1227 Sem™ . O T RS 1 AU 5 2625 7 BRI IR, R AT T A JR A
WA 4D IR, &3 SPS FE 5 0 2800 V& B2 LU ¥ B4 FE i 9 400 7 1R B2 7% 3 — A%, I Horp
RAEH K., BB FR R R bedh Jr Xk & 4k B3 #2060 25 0 Bi, Te, 3EA B Te 23 (1K
JE R A AR A DT 358 Tk 09 A8 A L 91 G 42 o PR X SPS (19 TLEE L BB AR R BEAIR Te 25 437, AT
MR TR . AR AR SE i, B0 7 Mk 1 22 55 K AT B8 S AN [A) 58 45 7 ok () 08 45 R 1 i 35 i Jn s g 22
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MTITBEAR T 2800 TR . A2 A W R Rt b IR 0 w263 AH 10 wt2s H.O,10 wt% NaOH(aq)
YR i B 0 B SR AR U AR 1 PR S R B i B e . IR D T Ho O il NaOH (aq) ¥ B 45
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Figure 4 Temperature dependence of (a) electrical conductivity, (b) Seebeck coefficient,
(c) power factor and (d) carrier concentration and mobility at room temperature for bulk Bi, Te, ; Se,. s

alloy obtained by SPS and CSP with different type of liquid phase
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RECART AL, TR0 LA A b, 58 DL 5 RS AU F R EE n SR H L SPS BT AT FE i 1 4R VR B
B RO G ZE DL T B BRI, MM B TSN 0 we XA L 10 w2 H, 0,10 wt% NaOH (aq) %
BR2E BT AR RE S B0 T U L SPS A AR 2L R B 2 DUse /A &5 . BAREIN 0 w20 ¥iAH L 10
wto H. 0,10 wt % NaOH Caq) FFE i 1 BE 22 518 K B IR NaOH Caq) B FE i % DL 58 2 5020 H
A AE S AR 2 . AT BEJE B 51 A NaOH J& , 76 S 46 T8 il — 26 53 24 Bl b . 52 2% B Fa 98 i A
I 5 v A 7R 0, DT i 2E DL e R

FH A5 SR 2E D 7 R AT S5 BB S A DRI F PFL AN 4 (o) B » 45 S 35 BH BT A3 BE il 4 T R
P BEAS R 25 77 X AR fb a4 5 i S R i 2B Ak 34— 300, M L T Seebeck AL, HLS 3% T K+
RSN TR, T SPS AR HAT AR W 9 i 88, TR I 7 ROR s TR RAS e i s 2. 52
mWm 1K”, i1 NaOH (aq) B & BT F LRI 10 wt s H. O F1 0 wt Y0 A O AE & 5595 . 78 300
K FHIPRER A 2,21 mWm K? & D32 K 5 A F TR ks 32 5
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Figure 5 Temperature dependence of (a) total thermal conductivity and (b) lattice thermal conductivity for bulk

Bi; Te s Sey. 5 alloy obtained by CSP with different type of liquid phase and SPS.
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Figure 6 Temperature dependence of ZT values for bulk Bi, Te, ; Se, s
alloy obtained by CSP with different type of liquid phase and SPS
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S Sy SR Y 2E DU e R BCT . A H T AN YR IVRORH R 45 B R L VS INRORH T R i A AR A R T
FEOLEMTRE &, R d TIMRORBEST S R R EUR 8w R R R R A4S
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0 wt o WAHBYRE it B 10 widd FL O BRE S ZT (8 W b i 2 33 0 D)7 G vl S 0 g 4 v L B8 BI85 T
H, O B2 Fl T m KA v ge . i n 10 wi26 NaOH (aq) FUFE S ZT (Hilk— 48 & T X &
T AL G A0 FE DL v AR A [ N B e A TR A I U B B SPS BT AR AR Al 9 D) R A T T IS
NaOH (aq) & 545 BIAE - (HJEAE 300~400 K 910 B B - A5 I NaOH Caq) BYRE i BAT BAR A9 B A4
A AR ZT (A H SPS REA I W . L LTI IS & B9 MR E 4T Bio Tes 7 Seo s 1 4 1978 be 45 BE
3R R A ZT {5 OF B B s B Al (eI BE Y ZT {E L SPS #E Y ZT fEH i

AR B3R P Pk B LT BN I ST 09 Bl Te, s Seo s R 4 38 38 v BEEE #Y J7 1k i & Bl Te, s Seo s 2R
PREEAL T HE T A RS R X Bi, Te, ; Seo s PR EUR FE RONZEHE A RPEREA R MR . il i 52 40 153
ML 48

(D HAE AR TR BEES Z0F T i & B BAR Bi, Te, s Seo s IWYIAH . RAER R R EAR&
HAS a RS (L XRD PSR R W, B Ay v be 45 e (R A il J0 AT AT 4% 0 150 I JHE R e == U3 AL
AR AR R .
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