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Abstract

For the development of new organic polymer thermoelectric materials, multi-walled carbon na-
notubes (MWNTs), conducting polyaniline (PANI) and polyvinylidene fluoride (PVDF) polymer
materials were ultrasonic mixed with different weight ratio and sprayed them to the surface of
polyethylene terephthalate (PET) plastic sheets. A new-type MWNTs/PANI/PVDF polymeric ther-
moelectric composite coatings was prepared. And the test showed that the synthesized composite
thermoelectric coating materials were of interest for several reasons. 1) For the introduction of
one-dimensional conducting pathways of the MWNTSs and the PANI conductive particles, the elec-
trical conductivity of composite is dramatically increased. 2) By adding the MWNTs and PANI
particles into the PVDF polymer, a lot of interfacial potential barriers such as tube-tube junctions
and scattering point for phonon and lower energy electrons among the MWNTs, PANI particles,
and the PVDF polymer were introduced into composite matrix. As a result, the Seebeck coeffi-
cient and ZT value of the composite thermoelectric materials were enhanced obviously than the
corresponding data of simplest carbon nanotube based organic thermoelectric composites. The
research results could provide the important basis for the applications of new-type composite
thermoelectric materials.
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AFFRFEEIREDREMRL, ASCESRA R ERF 2 LS BERIKE (MWNTSs) . KK (PANI)
SFREEYERM A L/EPVDREIREM =M ITEE S BOHRE )G, BHEBRTRE_F
B2, _FE(PET)EHH /L, #1417 MWNTs/PANI/PVDFRERIE SRR SRR, XMHEH
HABIEAFIA T WA TR &I KEMWNTs ZPANIS: R SWIB0RL, R8T ZAEKN S ok
Y. FR, FIAMWNTsERX. @& =ML GRESENRKEFRTMA LN E T AKEEET
FIBSU 2B & SR8 T MWNTSs & PANLZ 8] (fJPVDF 3R & MIB0RLBA B R T iR, & R 2 I
JL(Seebeck) R K MG L BB AR E /R EMAEMBE —ERE. HAGRNERITRFURS
KM EAEENSENE.
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P EHE — P AR ST BE S RABE AR FLAR M I TR ), B TR AR — i RS v L AR
Ji3, FE/NIH AL R G N o 2% R B B R S R T B R . TRk, R
EW e E R R Ry Rk . SHEREMIATEY, BRI HTESR S YRR NS Bk 5%
T3, ARARFERE T R AN IR 5 HU R A A 4B B A ML A AR R 78 AR [1]-[4]. Horpr, 6 CL A
Hewitt 25 N F 7R 0, SR B SRR R 4N K5 R 58 B DV vkl 2% Hh TR R BB R A W # e AR () A e
A ZT 7lik 0.2 [5] [6]0 HZFE & H AR 6 Hh 75 R AN AR 5 52 0 p B9 n Y BBERR AR, il
A, AFTHET R [FN, A B AT HEZ ) BiTes, PbTe fl SiGe %54 4 - A
MEL SN G R R A AE A FE e R

ORI A R B AR T AR ZT SRRAE, ZT =S%.0-T/k, XH, S JyJE 5 (Seebeck)
R2E, o NHSR, TRHAEE, KASFRAL. HAEBEMRME ZT MRIEXTUEH, ZR MR
FAL IR AR, LI F A B BOK F S R AU AT B A SR Al Rl . (H SRR M B R R,
BEHBARL SA L i R B AN S A

NIFRH R G E G RN &SR, it m AR e, AR IR X AF 2052 1B
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M, AGEE AR EE G/ MWNTs. PANI S HEEAYS PVDF BAEWNR AL, #l&H T
MWNTS/PANI/PVDF K4 5 2R GYIRZE Sk XF M Bl R 7858 TE
HEHRE MWNTS (8] RIAE X BERETE ) oL T AR B A S 5 FR AR TR T ) Ft T 35 22 45, eI I &
MR SRR F, $EE R PR ER . FR, E455 7 PANI SRS 1) S BEsE. PVDF
T R A R T AR K = DRI L5 A i AR I K & T 35 22 IR RE L 2 S T IR BUSON
FEARE M BT S, P UCEFRA S AR BARE . P& B R AT BN AR 1
MRS IR b, T TR, JFERMM KRR TENHF, T2 ARENEGABRECHEES, BX&
o JFEREEM, TR A A TR R, A N AR S AN T AR R R e R, BT
RRREI RO TR B B EE SN E.

2. 5Kh
2.1 SHEE

B, 2> BIFREL— 2 B 1 2 Eu i Tk 2% MWNTS (B.4% 20~120 nm, K 5~15 um, 4ifF 97%, &
PP ERAF]) FH PANI R (EEE T TRHECA R A B) A PVDF (48 4k) & 7+ R AR,
73 5K 5 50 mil () N-FH R e VA RV &, HREAT 2 h 383 46 T 15 8 75 B BE AR BE, £ MWNTSs,
PANI 1 PVDF 737 435 50 0 B EGA R T % B B R . fEEAT MWINTS 8 75 20 By, 38 7 75 a8 n
FHXT MWNTS g 2% 52 LU I 3R Z 0 Mg Joc B 2 T 5 PR 77, DAGEAE MWINTSs RERS 3 51 /0 B TR I« Ja ks
3 A E I ) MWNTs. PANI FIl PVDF 1) =Fh 7 BEGE R T IR &0 HE, IR UGEAREE 2 h, i
BIENRE G, IR RGBSR, 16 70°C&ME FEAINH, T4 5 h, R N-H s e B i 57
KRR G, TR VWO BT AR F5 2 0 R R VR A o 4 S 0 RO R Y M R FH v < 2 gt W Vs 4 7 )
600 SHM AR ZRIT BRI ) PET MR ~F: 5.5 % 2 x 0.02 cm)$R [l , 152 EE 4N 25~40 pm, 234 6 h
(19 70°CHNIRMET, BRI RIT S AN BRI EL) i) MWNTS/PANI/PVDFE 44K 4k 5 S B S E 4 bt
BHEE b o

T TS MWNTSs 5 PANI B IIE N 52 & A A B R 1 52, AR S0 oy il 46 7 =41
ANA] MWNTSs 5 & 40 ELIRESL, [, fE[E & MWNTs B intb &R, 23l 7 5 NASE PANI [
IRINERIRES, IR, 24 PVDF /N T 2590, &2 & H s A RFE B O S s S A8 25 . FT
LA, SE6 BT AR S K PVDF S &35 0.4 9o SEBG KIS FES 0 T EE 7 K5 Wi 1 fis.

2.2. MRS Hr

P H 7 BB (SEM, SU-8000) 73 #T 1 il 2 AN [F] 0 L B2 5 ORLRE it (1 2 T SR AT S 43 A . )
PR IR DU ASGIN B AN R i PO T PR A L BEL S SR T AR 0 H 3 6

W TE] 1, K A AR RLRE S BCE T PN RSS9 20 x 1 x 0.5 om (584 5% 2 7], 5240 2% 18] K% 0y 4 cm,
W S LA b o 30 R 560 2% ) — S T PR IR B L T, IS BIRCT TSGR SN B
(LI il 2 A B AR AL, R R AETE Ly 300~400 Ko 177 s SR 4 Sk ERF 25 i Too FHARMEE ]
fE LN B, HAERGUAMORLRE S LN P A A 4 5 ANl i B e . S A IR
A JBCELAE BN SR A Z AR A BN, RO SRR R R e A MR ERRE T, - T, = AT o
PRI R RRAR JZ 2 AR AE PET 4528 7 2 B, lrb 02 PET 48400 580 ac ki, Rk BN EM%s
PAELRE L R 8 2 1. MDA 0.1°C R AR SN ZL /MR ACHEAT MR, ] 3706 M5 A 7 A2 4%
IR T A FIBRAE ELAG] B0 A FBRE A2 AN [RIIR BB BE T IO B I 22 3l 5 S AR I AN [ S B L B
FAFT R, JERGE A0 THE T IAEAORN 2 I R %L S R R IRE 2T,
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Table 1. The number and preparation parameter of synthesized composite thermoelectric material samples
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Figure 1. The thermoelectric properties test pattern of the MWNTs/PANI/PVDF composite thermoelectric material samples
1. MWNTS/PANI/PVDF & & B AR B

3. GER5ITR

K 225 T 2 BUSTTE Si B MWNTSs #5111 FESEM K R, AIE 2], MWNTs 2K 22 28R4 i
TR AR B ESRTE S, P45 1240 20~100 nm, K 5~15 um, HRBE BEAEWE), HK RS L
Feageb, B A D, e R IR A A BT o X RIS K FE S B R SR PR TR S A b R
PeHr AT gt % 1 MWNTS/PANI/PVDF 4K 28 5 5 LR G W & # A BHR AL T 1 — 4 g i .

K 2(0) 7R T il £ ) MWNTS/PANI/PVDF & & #4 B b4 RLAE S 1 s IR o 38 €8 X3 BT O 5% 3k
MWNTs/ PANI/PVDF & & E G IR . AIEH, BHR)E, SaRmMEIREREDS, RiIFE, +
T e RS A

e 2(c) ] 2(d)gh H T 4% S TR AR FERERLRE B 1 SEM BB . FESR I PANL B8 34°8 0.2 g, FoH,
P 2(c)FE A MWNTS & 24 0.05 g, 1M ] 2(d)FE i MWINTs 508 0.2 g, A& 2(c)FR i 4 fi%.
ME T E , Z5m A U R B S, M BB S HE0) MWNTSs &5 PANI Gk Bk — [F] 1)
515y EfE PVDF A&+ . 1 MWNTs BINERAE, MWNTs A0 #gi, b1 H B SORES 1)
MWNTs $Es A0 E/b s HEEHBERINE I, AN, RS MWNTs I mMExig 2, i
FHIE SR MWNTs ZeE 18, B iRy s .

Xttt 2(a) Bl 2(c) 5K 2(d)h ) SEM B, KILE GIAIPEME R & R o A5, K
JEEUE, RIVPE, SA MR TESH) MWNTSs B4R LG 2(a) 4% MWNTSs A B S8k, ] 2(d)
e EA ARG T S SRR ARREEOL SEM I8 Fr . IR ETEMTE S, B MWNTSs 5 PANI &
PVDF &5, HEMBLHME T —ZH PANI 5 PVDF 82, &5 2(a)F ) MWNTs Bz
BEATX L, ROZ A 2 1 R B 207 50~100 nm. M S| 2(c) 514 2(d)ibReE 2, E&E AP, 42> MWNTSs
2 [ BB, BER2) 20~60 nm (1) 5 PANI R &R BN E &3, MR FERE#
HLA BHAR 2 o — ity 7] 53 — i AR SR A T (B R e 4iEiE . 59—, B MWNTs Al PANI S HUIER &)
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Bk 2 [ #A PVDF #EHATRHE, T & MR RHEE BT P ) MWNTS 2 8] & 5 82 & SRR RETE K
BHA W2, REFE TR TRMAES. HER, BREEAGENLSER, REERN TR HRE
P, IXEGR R Ao E A AR Seebeck F HURI A LR E ROF = A A R RE [ 7] [8] 6

K3 et TN, XA 1 48 MWNTs & &70 074 0.05g, 019 F10.2g 24 F, INAR
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Figure 2. SEM images of the MWNTs/PANI/PVDF thermoelectric composite material
samples; (a) The SEM image of MWNTS; (b) The SEM image of No. a2 sample; (c) The
SEM image of No. a2 sample; (d) The SEM image of No. c2 sample, and the inset is partial
enlarged SEM image
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Figure 3. The relation curve of electrical conductivity and PANI content of MWNTSs/
PANI/PVDF thermoelectric composite material samples at different PANI content with
added MWNTSs percentage contents are 0.05, 0.1, and 0.2 g, respectively
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PANI & & 1 &AM RHE I L S e i 20 1] I AL 2 PANL B8 8 A0 i, AR A X i Ha BE
JE P EARRE R SR, ATEH, X4 MWNTs &8 ER, FEMIHE SRS PANI 7R 1K
MK, e E PRS2 Co, A SRL N 18.326 Sm™, EAFEMHEI T HHI S, HEA]
NI AT e AR DUSRE RN iR 22 e RGUIR ZIE R BAER], 14 PANI & &E—2r, i
ISR MEEE MWNTSs & 28K X2 EAFE T PANI & — 2k, MWNTs 82, S46#%K
AP EMA RS TERRCE 2 1 — 4 FRE I, AR T3 T B TR R 3 T4, midem T8
AMEHI S E9]. (HSCHEE TR EA[6]-[8], WRE EHABMEMA R T MWNTs & =2, BA/ME
RIHEFRICRE DR, HEFRPHREEYHE S SERD, RRHGRAORRE I, X
AR T Z A RAEMR R AR . BRI, BATE PVDF FE/NRINE EJy 25%, LALIREE
REVHRAE AR SRS Y fE, LI IERN MWNTs FIE 75 & R0 AGELIRIE A, 1Xf
Seebeck REAIHAAE I E R IEH HEN .

S RATH R, LE S PP REE S T H PANI &2 MWNTs & EZEARN, 58 b RS i
TR R SRR, B R RN AR . 1 4 5 T =38R TN 21°C, MWNTSs &85 0.1
g IF, BEAE PANI & 238 00, 5 MO RN 2 A B ADREE St ) 3 35 5 PRIR B TH 7R o0 Rl k.
AIEH, 75 MWNTs i | &&= B W&, B PANI &30, #e b RhEe 3 sh 5
Fel AR BE T 1075 & PANI & 5 3 i i 2 38 m . 76 =il AR IR Ty b 343K, MWNTSs &l
0.1 g %M ~, ANFE PANI & &4 5 al~ab [FHLZ)# 7351y 0.454 V. 0.736 V. 0.828 V. 0.966 V F1 0.971
V, JFHRFHIE KK, H ab fEm s HEEr 1 Ve W MWNTSs F1 PANI & & S R
I MWNTSs Z 158 X, BEHEAT PANT F: LRSI A Btk 5 PVDF EEMMAH kG, BT KE
AR T BT AR — 4 P AR ARG & — E R B R TIRDIE B /N G . [, fE3e s s mr
B B S A SCR  FR, BE S SR E R TER T REM 2, BdcE T2 aMEbe Sk,
WA T X 7 B ARBE T I ES, B A RPRHE) Seebeck Z2BURN i FRA S bL SCHR IR IE (1) B4l B TR
H YRR — 2 KI5 m[6]-[8].

B 5 gaH 7 EIR TN 21°ClF, 56 1 EE 3 41 s, fE PANI &5 0.3 g if, MWNTs & &4 518
0.05 g 0.1 g F1 0.2 g &M T il 2 A R i B A 5 HORIR B To MR, AIEH, £
PANI FHLEEEYRE A S S E—EMEL N, MESEMEME R T MWNTs &2 380, #ammHAEz)
S4B e T R BE T 22 MWINTSs 25 5 38 It Bl 2 389 0 o 6 =y il AR IR BE Ty ol 343K, PANI &84 0.3
g i, REFES a3+ b3 A1 c3 S/ 518 0.576 V. 0.828 V 1 1.712 V. #iH4E A4kl + PVDF
J PANI & — BT, EEHEMEHFES I MWNTs & sbka, A I ARk .

6 45 T MWNTs & &5 0.1 g if, [E PANI & &R AR EEE 5 1) Seebeck REUMIAXNME
PRI T IR R nES], BE PANI A 21030, S REHIARL 280 763, 5 Him /N,

IRABFEIR[10], B H 2 LB R AR A AL S T 28 53 & b Rl ] FH AR AR B 45t i 256 A 5
SRR L ZE D vw RHL S,

]
T

RHE T RIER, b Al c oAl SR AR T SRS R IS ST SRR AL
To & SHE AP AEREA KMHH, d R SHAE SRR NG 2 MmN AE R R E, T
WHZFEEOMBU, TGRS0 S REIuTik. A 6 32 R i gs 1 S R AR
R Y, BETIELRE AN, WERE S S AR B AR B i S TR g I, (EL B R Pyt — 2
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P, S REILERHENG KA R ZBHE], FEATFE LR AR AHBIAL 4 1) B B 28 U £ 4R Hmk
[FIHEAR I S REHIAR AR T7 7R

M6 £33, MWNTs &84 0.1 g i, A[F PANI & &S & MRS RN PANI B
DEEEE, HIE DU RS, 7R ER IR T o 343K 1926 1E R, M bl £ b5 #f 5
0 2 UL 7 280 S 40 6B 43 1 9 4.357 mV-k 1, 15.571 mV-k %, 6.686 mV-k %, 11.286 mV-k * #19.529 mV-k*.
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Figure 4. The relation curves of thermoelectric voltage and temperature
Ty of the MWNTS/PANI/PVDF thermoelectric composite material
samples at different PANI percentage weight with the added MWNTS is
0.1 g conditions
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Figure 5. The relation curve of thermoelectric voltage and temperature
Ty of MWNTS/PANI/PVDF thermoelectric composite material samples
at different MWNTS percentage weight with the PANI weight is 0.3 g
conditions
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L9 0.5 Wim-K, R g NBGERAE 230, FHBEATNAE LR, o] 75 A SR i) % AR B2 5 30
FESR B ARE P B2 0y 0.24, 245 R L SCHR 00 BE AR AT 5 0 [5]-[9], BERASKA MWNTs. PANI
Ji PVDF =FRp A B AL A r IR SR ARG ATAT 1, 12 A BOR (T ., iRA R BR, A — s N {E
F 7 et 7 I iR e IR R 343 K, R IR Y 294 K25 MFTR, il # OS] MWNTS 5 0n
I a5, b5 Al c5 & AP EIFE R AESNE 1~10 KOQAN [ G i BELI ) F4 it D 2R ARl 26 . 63l
BELAE ARR BRI BRI ke P 00 AN T R BEL A E AR A e RO, BRI, ) 7 okt S e PR A A 1
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Figure 6. The relation curve of S = AV/AT absolute value and heat
source temperature Ty of the thermoelectric composite material samples
at different PANI percentage weight with the added MWNTSs weight is

0.1 g conditions
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Figure 7. Thermoelectric power curve of the thermoelectric composite
material samples with different external load resistances. And the test
samples were synthesized at different added MWNTs weight, PANI
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T EhR g, DR b A AN R AR . 0 BRI, AR A i A F T R A0 47 2 re B A 48
INES B 1 Setgn, WAL, 5 BN R AR S . TR RN ) A R A P ) R A
BHAREE, SERS, AT S Es b R A bR B r ARSER, AR R DR A A OB . £ PANT —
SERIZEAE T, BEE MWNTSs SRR, Fm i R Wi, mIgn 2w, Bk,
C5 o it PR A L Tl 3 A AR B2 Y A I 47 38 FL B 22 /8T @b 2 b5 A ity FRDX 2 A7 8 L BE o (ELER] 5 A il R HEL 2
FKT a5 Jz b5 Fffh, H D FR R KA M BUE KT 5 & . 220K, o5 FF ab et B DR K
IR HIAE SN 51304 100 Q I, RN 7 uWo €] 7 45 H IR S SN 5] 7 8 B LIS (1 P Th 2
AR i 2 55 SCHR B R BR 9K 13RS D R BB i T R AR A il AR 1 5% & — B [6] [10].

4, &Eig

RHILIRVEHI % T MWNTS/PANI/PVDF 28 = 50 5 A& #E R RS Z e, 33 6] A r e e i 7
RI, F—EEE MWNTs Fil PANI 5B R SRR 2] PVDF GHLE AV, FH 28T PVDF %
AV MWNTSs 31— 4E TR 12 e 52 A 2R R = AR AR A 206/, I BIS S BERE &
B PANI T HL RS RN B A % m 1) F AR BRI T 2, A Sl DR FA FU R 15 3
SERE. PRRI, E&PH MWNTs f1 PANI B8 770 bbllim, — @ IR R E TR 5 44 s FL 3
PO, B4R ) PVDF 2T 25% @ & 40 Ly, RIS R PuEIR S, &AM H R R
MAEZE . MHARARIL, 45 R I S G A A RS R I B B AP 1V, A IhRENA 7 0w, #
MAEZIH 0.24. %A FAPRIG 2R Tk i 7 2RI L R G L IR R G

=
SR 5 AR R AL 4 00 H (61076104, 10804040), 1L 44 6137 141 BA L 4 151 H (901142) f1 7 1
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