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Figure4 (Color online) (a) Energy dispersion of the valence and conduction p-bands for trans-polyacetylene. The bonding scheme of the molecular
orbitalsis seen as a combination of atomic 2pz orbitals pointing perpendicular to the skeleton of the polymer chain. (b) Electronic structures of polymer
chains at various oxidation states from left to right: a neutral chain, a chain carrying a polaron, a chain carrying a bipolaron, a chain or assembly of
chains with a high concentration of polarons (intrachain or interchain polaron network), a chain or assembly of chains with a high concentration of
bipolarons (intrachain or interchain bipolaron bands). The optical spectrum of these speciesisillustrated at the bottom!™

(c)
1x10° ( — 800 |"Be"'z°'d type S
& (a) [reom— 4350
1x10°{ & "gfdﬁ' e
‘ » o 600 1300 _
ﬁ‘l*m‘t“of 1250 x
e 1x10° & X Joo
§ S . 1400 > 200;
ox10'{ & Y, i 2 150 2
© B / N s
0% o [ 441 4200 {100 §
&
1*10316 \l e SR = 150
1x10* 152 v N 10 10
15 20 25 30 35
Oxidation level (%)
(b)
0.30-
0.251
0.20-
-
M
0.15-
0.10-
0.05-
0..
15 20 35 40

25 30
Oxidation level (%)
B 5 (a) MeERERPEDOTALAFAYAS LG, (b) i FPEDOTHELILIEZT S HALAF RIS h I R BT, () PEDOT AL, Hy Ik B 4544

H2EfE
Figure5 Thermoelectric properties (a) and ZT values (b) versus oxidation level of PEDOT™". (c) Structure conversion of PEDOT from benzoid to

quinoid type

fargE A b =2 28 k. 44524 S 12.5%Ff, PEDOT /&
7~ o AN S [a] i i vy . i O fb 48 4% B 4 5 PEDOT Y

WFFE I S 4. Zhangs: AU ot %5 B Th RE BIS BF 9% 2%
B, PEDOTRY AL EE AL Z B 2 sz, Hoar+ 1L

o

2068



iE R

AP, ORI 28I E UESE, % kXTI
fth CPsHR HL P fil F6 3 42 [ e A 2 178800,

FERALCPSB 2L B it fE b, IR R BE Y28 1k
HEZ W o SR, #7 e84 1o Vi CPsi) o I S,
REA Rk CPsiy A HLPERE . IRIE AL PIE AR, 42
FCPsiyS, HACR I AL F el o X T PRI CPsiY
B E S, AT LU i AR A kA fige e 8-
1 _[[EF(T)—E]éa(E)dE
eT jaa(E)dE

o OE T e Mk R 2, P ESR PR AR,
5o (E) N REER ooy FL 5 (RBE BRI B0 7 (U AE —
NEAEREG(En))Z LR, LA EJr Rl — 2w i

E(T)-E
S(T)zT, ©)
PRI A BB 22 Ex(T)—E ¢ 5 B H0m 7 VR B (R AL ), 2
LB A R IO B R Re A 22, TR B S SR,
B 2 3000 X 3 T A% i R R e E R R B R, R
Ty e B H B T A AL 2 Kb R 2 24 DL i B
7384, shi%i AN1Pe oA o — R 43 F 7K
8 78458 2300 % PEDOT #4 HL A& i ME BE Ay s i, G H:
S LT AR L. A5 R R, B B4 RS,
PEDOT 2 F: A (R B 45 449 1] 2 4 Jas (P 24 45 440 ) e 7
(K15(c)), B2 PEDOT L HL B 4% T B it oy 32, i fi%
B 7% M PEDOT H A PEREL T B B 200, I,
WA ZE P = CPsIY A L P, 38 20 A %098 2= i Ak K
W AR E e,

32 BRIt

PEDOT & —F L R I CPs, SR IHE F R &Y
PSSH, & i K % M K 4 H £ € 1 PEDOT : PSSIA % .
K1, PEDOT : PSSHY S 38 AN AN o T H A B 1Y
%, B SHAFERAMSH E VKR, Kim%
NPy, RN v B M v K 52U PEDOT
PSSH L i B F AR I T =2 8] A 5 e sk Rz, A i e A1
PEDOT H7 1E Hi, fuf 5 PSSH 71 i, fof 22 [8] B9 2 & VE
B 2R A5 X R AT 3, T R 28 PEDOT : PSSH5
LU . 20034, JonssonZi AR R A B, flfi]
SR I A BLYA T L) ok 2% PEDOT: PSS JE S 45 ¥y, 1
o PR 8 0 A F 3% T 4 2% )2 PSSHY U /b Al 5 # PEDOT
SRLIOIE B, 20044F, Ouyang® AOBFsEds i, Al
VR A B M B A ) £ /0 X PEDOT : PSSHY of # K

S(T)= (2)

SR, (AR T 22 18] B AR B AE F 4 9K 48 PEDOT £ [ {4
IS v %) g G2 D 3 o R (OO R0 A 38 ey oy 32 ) AR Ak A 2R R
(B AVBE S5 A o F2), S EPEDOTHE I #8319 B 1,
Fe AT TAEHPEBEAS LIAR 5. XiongZE N8R I A
BILI 0 (e o SRR B ) BRI 7 v, i — 20 0F
S PSSHY 2 B AT LA AT 24 $2 15 PEDOT : PSS i 119
(1500 S cm™?), A S PEDOT : PSS P fEZT
HAREBOLERT), EEPHRMAEINA, Hine
FEAMRER AR [RRE, Mengistie A\ F) 1 HhuE i )7
P15 Bh 2 BR A FEAR 1S 1 o [ PEDOT : PSS i (1900
S cm™), ZT{E1£%]0.32, H & 2 R A P 5% 50 0
T-EGH . 3 3o 1 750 v i =k b B4R = PEDOT : PSS
IR MERE, FEAE T E Lo &K s AT
hn Al L o7 S e PEDOT 8 YA 42, 111 37 77) Ak B 3
] 24 %I 452 PEDOT : PSSH 4 2% (1 PSS, DA - i il
75 A DL AR PEDOT H i, F L S AU RE 3 &2 3l
T VA TS i s Ak B 7 X4 =5 PEDOT : PSS#A L P
C 45 o(>2000 S cm )98 H SEe A I i AR 4k
(BAREE IR K AEARAR) Jy st LA L P ety SR T HIL .

3.3 {44 ahks

BT UL S PEDOTHEL PR R I 7 X (BB 42 A
SR G eAL), FTLAAG WS (1) FESHAAAR
(155 R, PEDOT:PSSH k15 H i o, (2) R
PEDOT-Tos(Tos: X F & fif i B 7)Y (55 nV K™,
[7] I 52 B 75 Y o (1500 S em ™). 20124, Takano: A )
WEFE & B, 38 3 EGER AN AN 114k B i 07 2 AT LUA 5L
= PEDOT i 454, ¥ PEDOT:PSSHY o255 T 24~
Bod o, [RII4E H PEDOT ¥ Fh 4540 F T4 5 Hoo
20144, Bubnova®: A\ B9 H 52 [m] i 52 B 5 o A K SHY
PEDOT, 58 H 731 A 17 HES & —Fh A 20y 7 =,
AT DL 250 B0 o RS [ Bk 3. X 6 25 6 E Y
MEREY), HToTHEH S L, SECLIKEE
FALTE RIS 2z 180, sk, W TFA YL T,
S () B 1) 1) 8 25 o BRI AR B el T E Y S, M
7 AR 3 H T D% R R RS %Y. Mot 2 R T S5 [d
(INN(E))/dE] g=¢ 1 LU C R, 7ETCE BUHAL T R 58
W, BRI T RS, B E t T i/ ME
KA RS, M2, 445 R e g g
MRS, FECE% A PR B HOR, &
fii S KL Y ue AFARFST T I 554 PEDOT (B #E . 44
AT GURHFE . 9K NG K 2R ) G FA e 1 RE Y 52

2069



M % B B 2017ET7H $62% £19#

M), B4R v 194 e B i) T A ) AR AR 1) 28 o 1 Bk
BR# 4. Cho% A4 M B A A9k L Ep R,
I 45 T B o~8797 S cm iy PEDOT B i 44 >k
£k, T CPshE [ 2% il 1T B R 2 A Wk 1 HE3 A
SRS TSI, 5 o 1Y PEDOT S8 ZIUAK 1 T T 1 45
di i B4 pa B PEDOT HA 1 240 5, 40 i S A7 7
AT A B | R Y S T % fioh AR R AR 1 R 47 S
BF, T LA S B0 iy e A e ek AEOS, S
YW 5% ] ik 22 BT830 Bt s 7 A I dn iR b A
EERAS S, BT RAY S PR M EA KP
{E AR B SRS wc G B A2 R T 18], A F S5 B 08
TE B Wl K 47 i A7 SRR R I B I AL

34 HREA

S CPsi #4 HL PAE AT LATE 2 i 22 Jr vk 64T R 4%,
SR SHSR 5 MLV M B R 228E. KR E S
() 75 2 L 2 DAy e G %) A A R B Y i R 2 —.
R 47 0 &2 A AT LUK 25 1 b ol 22 Fob R O 35,k fe
SRR RE A BB, DT AT A5 AR A
PERE. PEDOTE A A K« RIS 5 AL I o S5 AR 1
Hol S AEFRARMS. 0 T A 80805 PEDOT (1) #4 H 4
AE, & FHPEDOTHE & MR C &P oy, S T
— 5 R T,

MR, PR RE A LS 0 Y JE LI A R,
DA A B 20 K A4 B B (3R T Z27~2.497), FIR G
LA KL AYS, PEDOTHEA A A RHE & LA T
(1) MXFF IR, WG, EERRTRES
G AR ) 7 TR, (2) PEDOTAMYU AT AR M4
2B 1k TR RE G Ak, T L AT LA A5 i 42 T L
Ak hARE, DT SEBE R AT 3 Y (3) AE4E A R
b, ARRE BRI T Z s 2 U, R AR R g
ROV, M= PEDOTHIS™: (4) SEALA R I,
PEDOTHE A &A1 RHE R T 1 R Y. HTF LU
Hi#, PEDOTHE A A BRI 24858, nTe/
PEDOT: PSS9 ' Bj,Tey/PEDOT: PSS!1%21%  ppTe/
PEDOT: PSS, Ag,Te/PEDOT: PSS'®! SnTe/PEDOT:
PSS MoS,/PEDOT : PSS%  [H]#:, PEDOT 5 f1
‘}:%[108,109] R ﬁ&?ﬂﬂﬁﬁé[llo'll” R CPS[llZ,llS]%/Eé.*j*;l_
W5 2 WP 5T G T . A 850 RV 900 K A5 DA LA v 1) 21
W IE R RN 0 5 PEDOTE & By A v 22—,
CANZ A W n-n Al AR, AT LR s 2
BRI TR R, W] DLERR R T IR E AR

2070

A%, NI S0 o RS ) B 8 i, B S B i  #A FL P
EHP, R YR PEDOTHEE A MR B B /R T 8 i
PH 1 BE (Te/PEDOT: PSS ~284 nW m™ K20
SnTe/PEDOT:PSS'%), ~386 uW m™* K™2), SRii#H £
B TR T A AAE IR B 4 = o RIS IR 5T 1, Be4h
BRI A 5T A fr i — IR ARS8 3.

4 g

A AL AR R RS SR R B B R AR R R Y
F T I m, JLHON R K R AT SR AR ML .
— > SR Y I R 2 R p 2L R n R S A3 AR b
R R, R v A 1k BE p L N n B AT HLAA B A 2%
PSR R RE. S AT, N nAAE HLE R R A A
FEAL TR B B, o R 2E B Ak A0 5% T 78 n LA L
PR BB BOCE R E  R B  RR T
A £ 5 80014540 B n R WL B R

AR FnBUA HLI R AR, R RS T,
PEDOTZE A AL L A R85 AF 78 v, ALK 53 B9 34
HLPEREIRTS 126 R E M Az, HP e Z T M 10745
10°7Y, 3B G Y v 2 H R 2 sz
A pRIA AL AT R 22 —. SR, 4R P P RERY
PEDOT(ZT>0.1) = ZL i T H & 19 o Qnef [a] B 315
o MRS, 74w P AEPEDOT (ZT>1) # i b4 k) &
MR fG. FEFIADIR, BA KReEFHERMIE
7 F T PEDOT # L PR RE (9 45 5, 4h S AIF 9% v 44 R 1
fit PEDOT b4 Rl 5t 38 7] DL LR JL 5 T fje (2841171281
(1) &EARHEPEDOT fb A il 4 H2 AR, HE B i BRIE A
RURIAR Jr ik, B9S8R 45 4 0 43 -1 B8 HE 51 %ot
PEDOT#HL PERE Ay 2, = o5 AF 7% ] B 4 155 o AT SHY
s A M A BSR4 X PEDOT >
THERAPERERAN T, (2) WHITHIW BB 2% Ll 4B Ak
J7 ¥ % PEDOT HL, 1% 4 19 52 M, K& 1 16 42 PEDOT ()
FALEE, HE— A B o MISHY R B, MRS
KEHREPIE; (3) 1E4EHFPEDOTHA i HL 5% (>2000
Sem YHIEBL T, BRBUA R A . RIS ik ab,
RIEH T LSRRGS (4) HIMPEDOTHE AT K
RN BE R HES B ], WSS RN 2 R A,
I FIERR; (5) WM A MK E SR, &
B AR, AW R 2 A a5 AR
P B PERE R M ALE]; (6) & EFEMEPEDOTH#H
PR AHAR, $RPEDOTEESZ bR 9, 33544
FUBTREVR . PRI | PR AL IEREE.



iE R

RPN
1 Snyder G J, Toberer E S. Complex thermoelectric materials. Nat Mater, 2008, 7: 105-114
2 Zhang Q, Sun'Y, Xu W, et al. Organic thermoelectric materials: Emerging green energy materials converting heat to electricity directly
and efficiently. Adv Mater, 2014, 26: 6829-6851
3 HeM, QiuF, Lin Z. Towards high-performance polymer-based thermoelectric materials. Energy Environ Sci, 2013, 6: 1352-1361
4 Pei Y, LalLonde A, Iwanaga S, et al. High thermoelectric figure of merit in heavy hole dominated PbTe. Energy Environ Sci, 2011, 4:
2085-2089
5 TangJ,WangH T, Lee D H, et al. Holey silicon as an efficient thermoelectric material. Nano Lett, 2010, 10: 4279-4283
6 Dresselhaus M 'S, Chen G, Tang M Y, et al. New directions for low-dimensional thermoelectric materials. Adv Mater, 2007, 19:
1043-1053
7 Chowdhury |, Prasher R, Lofgreen K, et a. On-chip cooling by superlattice-based thin-film thermoelectrics. Nat Nanotechnol, 2009, 4:
235-238
8 Zebarjadi M, Esfarjani K, Dresselhaus M S, et al. Perspectives on thermoelectrics: From fundamentals to device applications. Energy En-
viron Sci, 2012, 5: 5147-5162
9 Soni A, ShenY, Yin M, et a. Interface driven energy filtering of thermoelectric power in spark plasma sintered Bi,Te, ;Se; 3 nanoplatelet
composites. Nano Lett, 2012, 12: 4305-4310
10 Jiang F, Xu J, Lu B, et al. Thermoelectric performance of poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate). Chin Phys Lett, 2008,
25: 2202-2205
11 Shirakawa H, Louis E J, MacDiarmid A G, et al. Synthesis of electrically conducting organic polymers: Halogen derivatives of polyacet-
ylene CHy. J Chem Soc Chem Commun, 1977, (16): 578-580
12 Chiang C K, Fincher CR Jr, Park Y W, et al. Electrical conductivity in doped polyacetylene. Phys Rev Lett, 1977, 39: 1098-1101
13 Yin Z, Zheng Q. Controlled synthesis and energy applications of one-dimensional conducting polymer nanostructures: An overview. Adv
Energy Mater, 2012, 2: 179-218
14 Wang C, Dong H, Hu W, et a. Semiconducting pi-conjugated systems in field-effect transistors: A material odyssey of organic electron-
ics. Chem Rev, 2012, 112: 2208-2267
15 Snook G A, Kao P, Best A S. Conducting-polymer-based supercapacitor devices and electrodes. J Power Sources, 2011, 196: 1-12
16 Rajesh, Ahuja T, Kumar D. Recent progress in the development of nano-structured conducting polymers/nanocomposites for sensor ap-
plications. Sens Actuators B, 2009, 136: 275-286
17 Groenendaal L, Jonas F, Freitag D, et al. Poly(3,4-ethylenedioxythiophene) and its derivatives: Past, present, and future. Adv Mater,
2000, 12: 481-494
18 Leclerc M, Faid K. Electrical and optical properties of processable polythiophene derivatives: Structure-property relationships. Adv Ma-

19

20

21

22
23

24

25
26

27

ter, 1997, 9: 1087-1094

Worfolk B J, Andrews S C, Park S, et al. Ultrahigh electrical conductivity in solution-sheared polymeric transparent films. Proc Natl Acad
Sci USA, 2015, 112: 14138-14143

Shi H, Liu C, Jiang Q, et al. Effective approaches to improve the electrical conductivity of PEDOT:PSS: A review. Adv Electron Mater,
2015, 1: 1500017

Zhu Z, Liu C, Jiang F, et al. Effective treatment methods on PEDOT:PSS to enhance its thermoelectric performance. Synth Met, 2017,
225: 31-40

Malti A, Gabrielsson E O, Crispin X, et a. An electrochromic bipolar membrane diode. Adv Mater, 2015, 27: 3909-3914

Gupta D, Wienk M M, Janssen R A J. Efficient polymer solar cells on opaque substrates with a laminated PEDOT:PSS top electrode. Adv
Energy Mater, 2013, 3: 782-787

Zhang F, Zang Y, Huang D, et al. Flexible and self-powered temperature-pressure dual-parameter sensors using microstructure-frame-
supported organic thermoelectric materials. Nat Commun, 2015, 6: 8356

Groenendaal L, Zotti G, Aubert P H, et al. Electrochemistry of poly(3,4-alkylenedioxythiophene) derivatives. Adv Mater, 2003, 15: 855-879
Chen Y, Zhao Y, Liang Z. Solution processed organic thermoelectrics: Towards flexible thermoelectric modules. Energy Environ Sci,
2015, 8: 401-422

Kirchmeyer S, Reuter K. Scientific importance, properties and growing applications of poly(3,4-ethylenedioxythiophene). J Mater Chem,
2005, 15: 2077-2088

2071



M % B B 2017ET7H $62% £19#

28

29

30
31

32

33

34

35

36

37

38

39

40

41

42
43

44

45

46
47

48

49
50

51

52

53

54

55

Wen Y, Xu J. Scientific importance of water-processable PEDOT-PSS and preparation, challenge and new application in sensors of its
film electrode: A review. J Polym Sci Pol Chem, 2017, 55: 1121-1150

Elschner A, Kirchmeyer S, Lévenich W. PEDOT: Principles and Applications of an Intrinsically Conductive Polymer. Boca Raton: CRC
Press, 2011

Nardes A M. On the conductivity of PEDOT:PSS thin films. Doctoral Dissertation. Eindhoven: Technische Universiteit Eindhoven, 2007

Park Y W, Denenstein A, Chiang C K, et al. Semiconductor-metal transition in doped CH,: Thermoelectric power. Solid State Commun,
1979, 29: 747-751

Park Y W, Han W K, Choi C H, et al. Metallic nature of heavily doped polyacetylene derivatives: Thermopower. Phys Rev B, 1984, 30:
5847

Shakouri A, Li S. Thermoelectric power factor for electrically conductive polymers. In: Proceedings of 18th International Conference on
Thermoelectrics. Baltimore: |EEE, 1999. 402-406

Yoon C O, Reghu M, Moses D, et a. Counterion-induced processibility of polyaniline: Thermoelectric power. Phys Rev B, 1993, 48:
14080-14084

Yoon C O, Reghu M, Moses D, et al. Transport near the metal-insulator transition: Polypyrrole doped with PFs. Phys Rev B, 1994, 49:
10851

Masubuchi S, Kazama S. Intrinsic transport properties in electrochemically prepared polythiophene doped with PFs™. Synth Met, 1995, 74:
151-158

Gilani T H, Masui T, Logvenov G Y, et a. Low-temperature Hall effect and thermoelectric power in metallic PFs-doped polypyrrole.
Synth Met, 1996, 78: 327-331

Morsli M, Bonnet A, Samir F, et al. Electrical conductivity and thermoelectric power of polybithiophene polystyrene composites. Synth
Met, 1996, 76: 273-276

Subramaniam C K, Kaiser A B, Gilberd P W, et al. Conductivity and thermopower of blends of polyaniline with insulating polymers
(PETG and PMMA). Solid State Commun, 1996, 97: 235-238

Mateeva N, Niculescu H, Schlenoff J, et al. Correlation of Seebeck coefficient and electric conductivity in polyaniline and polypyrrole. J
Appl Phys, 1998, 83: 3111-3117

Jousseaume V, Morsli M, Bonnet A. Thermal behavior of polyaniline films and polyaniline-polystyrene blends. J Appl Polym Sci, 2002,
84: 1848-1855

Toshima N. Conductive polymers as a new type of thermoelectric material. Macromol Symp, 2002, 186: 81-86

Kemp N T, Kaiser A B, Trodahl H J, et al. Effect of ammonia on the temperature-dependent conductivity and thermopower of polypyr-
role. J Poly Sci Polym Phys, 2006, 44: 1331-1338

KimJY, Jung JH, Lee D E, et a. Enhancement of electrical conductivity of poly(3,4-ethylenedioxythiophene)/poly(4-styrenesulfonate)
by a change of solvents. Synth Met, 2002, 126: 311-316

Levermore P A, Chen L, Wang X, et al. Fabrication of highly conductive poly(3,4-ethylenedioxythiophene) films by vapor phase
polymerization and their application in efficient organic light-emitting diodes. Adv Mater, 2007, 19: 2379-2385

Lang U, Miiller E, Naujoks N, et a. Microscopical investigations of PEDOT:PSS thin films. Adv Funct Mater, 2009, 19: 1215-1220

Xia Y, Ouyang J. Salt-induced charge screening and significant conductivity enhancement of conducting poly(3,4-ethylenedioxythio-
phene):poly(styrenesulfonate). Macromolecules, 2009, 42: 4141-4147

Chang K C, Jeng M S, Yang C C, et al. The thermoelectric performance of poly(3,4-ethylenedi oxythiophene)/poly(4-styrenesulfonate)
thin films. J Electron Mater, 2009, 38: 1182-1188

Scholdt M, Do H, Lang J, et a. Organic semiconductors for thermoelectric applications. J Electron Mater, 2010, 39: 1589-1592

LiuC, Lu B, Yan J, et a. Highly conducting free-standing poly(3,4-ethylenedioxythiophene)/poly(styrenesulfonate) films with improved
thermoel ectric performances. Synth Met, 2010, 160: 2481-2485

Taggart D K, Yang Y, Kung S C, et al. Enhanced thermoelectric metrics in ultra-long electrodeposited PEDOT nanowires. Nano Lett,
2011, 11: 125-131

Kong F F, Liu C C, Xu JK, et a. Simultaneous enhancement of electrical conductivity and Seebeck coefficient of poly(3,4-ethylenedi-
oxythiophene):poly(styrenesulfonate) films treated with urea. Chin Phys Lett, 2011, 28: 037201

Liu C, Xu J, Lu B, et al. Simultaneous increases in electrical conductivity and Seebeck coefficient of PEDOT:PSS films by adding ionic
liquids into a polymer solution. J Electron Mater, 2012, 41: 639-645

Sun J, Yeh M L, Jung B J, et al. Simultaneous increase in Seebeck coefficient and conductivity in a doped poly(alkylthiophene) blend
with defined density of states. Macromolecules, 2010, 43: 2897-2903

Wang Y, Zhou J, Yang R. Thermoelectric properties of molecular nanowires. J Phys Chem C, 2011, 115: 24418-24428

2072



iE R

56

57

58

59

60

61

62

63

64

65

66

67

68

69

70

71

72

73

74

75

76

77

78

79
80

81

82

83

Yue R, Xu J. Poly(3,4-ethylenedioxythiophene) as promising organic thermoelectric materials: A mini-review. Synth Met, 2012, 162:
912-917

Bubnova O, Khan Z U, Malti A, et al. Optimization of the thermoelectric figure of merit in the conducting polymer poly(3,4-ethylenedi-
oxythiophene). Nat Mater, 2011, 10: 429-433

Bubnova O, Berggren M, Crispin X. Tuning the thermoelectric properties of conducting polymers in an electrochemical transistor. J Am
Chem Soc, 2012, 134: 16456-16459

Takano T, Masunaga H, Fujiwara A, et al. PEDOT nanocrystal in highly conductive PEDOT:PSS polymer films. Macromolecules, 2012,
45: 3859-3865

Culebras M, Gémez C M, Cantarero A. Enhanced thermoelectric performance of PEDOT with different counter-ions optimized by chem-
ical reduction. J Mater Chem A, 2014, 2: 10109-10115

Lee SH, Park H, Son W, et a. Novel solution-processable, dedoped semiconductors for application in thermoelectric devices. J Mater
Chem A, 2014, 2: 13380-13387

Lee SH, Park H, Kim S, et al. Transparent and flexible organic semiconductor nanofilms with enhanced thermoelectric efficiency. J Ma-
ter Chem A, 2014, 2: 7288-7294

Park T, Park C, Kim B, et al. Flexible PEDOT electrodes with large thermoel ectric power factors to generate electricity by the touch of
fingertips. Energy Environ Sci, 2013, 6: 788-792

Luo J, Billep D, Waechtler T, et al. Enhancement of the thermoelectric properties of PEDOT:PSS thin films by post-treatment. J Mater
Chem A, 2013, 1: 7576-7583

Zhu Z, Liu C, sShi H, et al. An effective approach to enhanced thermoelectric properties of PEDOT:PSS films by a DES post-treatment. J
Polym Sci Pol Phys, 2015, 53: 885-892

Wang J, Cai K, Shen S. Enhanced thermoelectric properties of poly(3,4-ethylenedioxythiophene) thin films treated with H,SO,. Org
Electron, 2014, 15: 3087-3095

Wang J, Cai K, Shen S. A facile chemical reduction approach for effectively tuning thermoelectric properties of PEDOT films. Org Elec-
tron, 2015, 17: 151-158

Xiong J, Jiang F, Zhou W, et al. Highly electrical and thermoelectric properties of PEDOT:PSS thin-film via direct dilution-filtration.
RSC Adv, 2015, 5: 60708-60712

Kim G H, Shao L, Zhang K, et al. Engineered doping of organic semiconductors for enhanced thermoelectric efficiency. Nat Mater, 2013,
12: 719-723

Sgndergaard R R, Hosel M, Espinosa N, et al. Practical evaluation of organic polymer thermoelectrics by large-area R2R processing on
flexible substrates. Energy Sci Eng, 2013, 1: 81-88

Wei Q, Mukaida M, Kirihara K, et a. Polymer thermoel ectric modules screen-printed on paper. RSC Adv, 2014, 4: 28802-28806

Zhang K, Qiu J, Wang S. Thermoelectric properties of PEDOT nanowire/PEDOT hybrids. Nanoscale, 2016, 8: 8033-8041

Bubnova O, Crispin X. Towards polymer-based organic thermoel ectric generators. Energy Environ Sci, 2012, 5: 9345-9362

Bredas J L, Street G B. Polarons, bipolarons, and solitons in conducting polymers. Acc Chem Res, 1985, 18: 309-315

Zhu Z, Liu C, Jiang Q, et al. Optimizing the thermoelectric properties of PEDOT:PSS films by combining organic co-solvents with inor-
ganic base. J Mater Sci Mater Electron, 2015, 26: 8515-8521

Kong F, Liu C, Song H, et al. Effect of solution pH value on thermoelectric performance of free-standing PEDOT:PSS films. Synth Met,
2013, 185-186: 31-37

Zhang B, Wang K, Li D, et al. Doping effects on the thermoelectric properties of pristine poly(3,4-ethylenedioxythiophene). RSC Adv,
2015, 5: 33885-33891

Li J, Tang X, Li H, et al. Synthesis and thermoelectric properties of hydrochloric acid-doped polyaniline. Synth Met, 2010, 160:
1153-1158

Wu J, SunY, Xu W, et al. Investigating thermoel ectric properties of doped polyaniline nanowires. Synth Met, 2014, 189: 177-182

Hu Y, Zhu D, Zhu Z, et al. Electrochemical treatment for effectively tuning thermoelectric properties of free-standing poly(3-methylthi-
ophene) films. ChemPhysChem, 2016, 17: 2256-2262

Tsai T C, Chang H C, Chen C H, et al. Widely variable Seebeck coefficient and enhanced thermoelectric power of PEDOT:PSS films by
blending thermal decomposable ammonium formate. Org Electron, 2011, 12: 2159-2164

Shi W, Chen J, Xi J, et a. Search for organic thermoelectric materials with high mobility: The case of 2,7-dialkyl[1]benzo-
thieno[3,2-b][1]benzothiophene derivatives. Chem Mater, 2014, 26: 2669-2677

Shi W, Zhao T, Xi J, et al. Unravelling doping effects on PEDOT at the molecular level: From geometry to thermoelectric transport prop-
erties. JAm Chem Soc, 2015, 137: 12929-12938

2073



M % B B 2017ET7H $62% £19#

84

85

86

87

88

89

90

91

92

93

94

95

96

97

98

99

100

101

102

103

104

105

106

107

108

109

110

111

Lu N, Li L, Liu M. A review of carrier thermoelectric-transport theory in organic semiconductors. Phys Chem Chem Phys, 2016, 18:
19503-19525

Jonsson S K M, Birgerson J, Crispin X, et al. The effects of solvents on the morphology and sheet resistance in poly(3,4-ethylenedioxy-
thiophene)-polystyrenesulfonic acid (PEDOT-PSS) films. Synth Met, 2003, 139: 1-10

Ouyang J, Xu Q, Chu C W, et a. On the mechanism of conductivity enhancement in poly(3,4-ethylenedioxythiophene):poly(styrene sul-
fonate) film through solvent treatment. Polymer, 2004, 45: 8443-8450

Mengistie D A, Chen C H, Boopathi K M, et al. Enhanced thermoelectric performance of PEDOT:PSS flexible bulky papers by treatment
with secondary dopants. ACS Appl Mater Interfaces, 2015, 7: 94-100

Xia'Y, Sun K, Ouyang J. Solution-processed metallic conducting polymer films as transparent electrode of optoelectronic devices. Adv
Mater, 2012, 24: 2436-2440

Bubnova O, Khan Z U, Wang H, et al. Semi-metallic polymers. Nat Mater, 2014, 13: 190-194

Martin D C, Wu J, Shaw C M, et a. The morphology of poly(3,4-ethylenedioxythiophene). Polym Rev, 2010, 50: 340-384

Koller G, Berkebile S, Oehzelt M, et al. Intra- and intermolecular band dispersion in an organic crystal. Science, 2007, 317: 351-355
Yue R, Wang H, Bin D, et al. Facile one-pot synthesis of Pd-PEDOT/graphene nanocomposites with hierarchical structure and high elec-
trocatalytic performance for ethanol oxidation. JMater Chem A, 2015, 3: 1077-1088

Cho B, Park K S, Baek J, et al. Single-crystal poly(3,4-ethylenedioxythiophene) nanowires with ultrahigh conductivity. Nano Lett, 2014,
14: 3321-3327

Su K, Nuragje N, Zhang L, et al. Fast conductance switching in single-crystal organic nanoneedles prepared from an interfacial polymeri-
zation-crystallization of 3,4-ethylenedioxythiophene. Adv Mater, 2007, 19: 669-672

Gueye M N, Carella A, Massonnet N, et al. Structure and dopant engineering in PEDOT thin films: Practical tools for a dramatic conduc-
tivity enhancement. Chem Mater, 2016, 28: 3462-3468

DuY, Shen SZ, Cai K, et a. Research progress on polymer-inorganic thermoel ectric nanocomposite materials. Prog Polym Sci, 2012, 37:
820-841

Venkatasubramanian R, Siivola E, Colpitts T, et a. Thin-film thermoelectric devices with high room-terperature figures of merit. Nature,
2001, 413: 597-602

YuC,KimY S, Kim D, et al. Thermoelectric behavior of segregated-network polymer nanocomposites. Nano Lett, 2008, 8: 4428-4432
See K C, Feser JP, Chen C E, et al. Water-processable polymer-nanocrystal hybrids for thermoelectrics. Nano Lett, 2010, 10: 4664—-4667
He M, Ge J, Lin Z, et a. Thermopower enhancement in conducting polymer nanocomposites via carrier energy scattering at the organic-
inorganic semiconductor interface. Energy Environ Sci, 2012, 5: 8351-8358

Bae E J, Kang Y H, Jang K S, et a. Enhancement of thermoelectric properties of PEDOT:PSS and tellurium-PEDOT:PSS hybrid compo-
sites by simple chemical treatment. Sci Rep, 2016, 6: 18805

Song H, Liu C, Zhu H, et a. Improved thermoelectric performance of free-standing PEDOT:PSS/Bi,Te; films with low thermal conduc-
tivity. J Electron Mater, 2013, 42: 1268-1274

DuY, Ca K F, Chen S, et a. Facile preparation and thermoelectric properties of Bi,Te; based alloy nanosheet/PEDOT:PSS composite
films. ACS Appl Mater Interfaces, 2014, 6: 5735-5743

Wang Y, Ca K, Yao X. Facile fabrication and thermoelectric properties of PbTe-modified poly(3,4-ethylenedioxythiophene) nanotubes.
ACS Appl Mater Interfaces, 2011, 3: 1163-1166

Finefrock SW, Zhu X, Sun Y, et al. Flexible prototype thermoelectric devices based on Ag,Te and PEDOT:PSS coated nylon fibre. Na-
noscale, 2015, 7: 5598-5602

Ju H, Kim J. Fabrication of conductive polymer/inorganic nanoparticles composite films: PEDOT:PSS with exfoliated tin selenide
nanosheets for polymer-based thermoelectric devices. Chem Eng J, 2016, 297: 66-73

Jiang F, Xiong J, Zhou W, et al. Use of organic solvent-assisted exfoliated MoS, for optimizing the thermoelectric performance of flexible
PEDOT:PSS thin films. J Mater Chem A, 2016, 4: 5265-5273

Xu K, Chen G, Qiu D. Convenient construction of poly(3,4-ethylenedioxythiophene)-graphene pie-like structure with enhanced thermoe-
lectric performance. J Mater Chem A, 2013, 1: 12395-12399

Xiong J H, Jiang F X, Shi H, et al. Liquid exfoliated graphene as dopant for improving thermoelectric power factor of conductive PE-
DOT:PSS nanofilm with hydrazine treatment. ACS Appl Mater Interfaces, 2015, 5: 14917-14925

Song H, Liu C, Xu J, et al. Fabrication of a layered nanostructure PEDOT:PSS/SWCNTSs composite and its thermoel ectric performance.
RSC Adv, 2013, 3: 22065-22071

Shi H, Liu C, Jiang Q, et a. Three novel electrochemical electrodes for the fabrication of conducting polymer/SWCNTSs layered
nanostructures and their thermoel ectric performance. Nanotechnology, 2015, 26: 245401

2074



iE R

112

113

114

115

116

117
118

Lee H J, Anoop G, Lee H J, et al. Enhanced thermoelectric performance of PEDOT:PSS/PANI-CSA polymer multilayer structures. Ener-
gy Environ Sci, 2016, 9: 2806-2811

Shi H, Liu C, Xu J, et al. Facile fabrication of PEDOT:PSS/polythiophenes bilayered nanofilms on pure organic electrodes and their
thermoel ectric performance. ACS Appl Mater Interfaces, 2013, 5: 12811-12819

Sun'Y, Sheng P, Di C, et al. Organic thermoelectric materials and devices based on p- and n-type poly(metal 1,1,2,2-ethenetetrathiol ate)s.
Adv Mater, 2012, 24: 932-937

SunY, QiulL, Tang L, et a. Flexible n-type high-performance thermoelectric thin films of poly(nickel-ethylenetetrathiolate) prepared by
an electrochemical method. Adv Mater, 2016, 28: 3351-3358

Shi K, Zhang F, Di C A, et a. Toward high performance n-type thermoelectric materials by rational modification of BDPPV backbones. J
Am Chem Soc, 2015, 137: 6979-6982

Di C A, Xu W, Zhu D. Organic thermoelectrics for green energy. Natl Sci Rev, 2016, 3: 269-271

Xiao C, Li Z, Li K, et al. Decoupling interrelated parameters for designing high performance thermoelectric materials. Acc Chem Res,
2014, 47: 1287-1295

2075



M % B B 2017ET7H $62% £19#

Summary for “'5:H, PEDOT #uHL k4Rl 4 JE i s
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Thermoelectric (TE) material, as one of new energy materials, is regarded as one of the most important energy-saving
materials, which can directly achieve the interconversion between heat and electricity. Presently, inorganic
semi-conductors are considered to be the best thermoel ectric materials. However, the development of new thermoelectric
material has attracted great attention owing to the scarce resource and limited performance of inorganic thermoelectric
materials. As the discovery and wide application of conducting polymers (CPs), organic thermoelectric materials have
come into the sights of people over the past 30 years. The development of CPs as a promising thermoelectric material has
gained great attention over the past decades. Various CPs have been developed and investigated on thermoelectric
performance such as polyacetylene (PA), polyaniline (PANiI), polypyrrole (PPy), polythiophene (PTh) and their
derivatives since 1989. Among numerous CPs, poly(3,4-ethylenedioxythiophene) (PEDOT) shows many superior
properties compared to others due to its excellent environmental stability, water solubility, easy processibility, and high
electrical conductivity, which brings new strategy for studies of high performance organic thermoelectric materials. The
conductive PEDOT combined with an insulating poly(styrenesulfonate) (PSS) can form a stable aqueous PEDOT:PSS
with a good film-forming property and has been regarded as one of the most potential thermoelectric material. In 2008,
the thermoelectric performance of PEDOT:PSS pellets were reported systematically for the first time. Although its
thermoelectric figure-of-merit (ZT) was as low as 107, it was one of the highest values for CPs at that time. Soon
afterwards, the thermoelectric performance of the free-standing PEDOT:PSS film achieved a ZT value as high as 102 in
2010. During these years, great attention focused on the derivatives of PTh, polyselenophene (PSh), PANi, and
polycarbazole (PCz). Since 2010, PEDOT:PSS has come into sight of researchers in the world. The past few years
witnessed great development of thermoelectric performance of conducting PEDOT:PSS (ZT ~107%). In recent ten years,
the thermoelectric figure-of-merit (ZT) of PEDOT has been enhanced by three orders of magnitude from 10 to 10" as
one of the most promising organic thermoelectric materials. Presently, the enhanced thermoelectric performance for
PEDOT concern in the increased electrical conductivity via an easy method, especially for PEDOT:PSS. A large
electrical conductivity of PEDOT:PSS thin film more than 3000 S cm™* has been achieved by adding an organic solvent
or post-treatment with organic solvents, acid, and ionic liquids. Compared to inorganic thermoelectric materials,
PEDOT:PSS can achieve a high electrical conductivity without an obviously decreasing Seebeck coefficient. A further
improvement of thermoelectric performance for PEDOT:PSS has been devoted to the optimization of Seebeck coefficient
via the pH value adjustment, the reduction of the oxidized level of conductive PEDOT, or composite with inorganic
thermoelectric materials. A large thermoelectric power factor has become a reality. Although there are large gaps from
actual industrial application for thermoelectric PEDOT (ZT>1), yet most efforts focus on the high performance PEDOT.
A large number of new techniques and methods have been developed to improve the thermoelectric performance of
PEDOT. This review pays the attention to the advantages and characteristics, development history, and performance
improvement of PEDOT as a promising organic thermoelectric CP from discovery to development. In order to achieve a
high performance thermoelectric PEDOT, more attention should be paid to the development of low dimensional PEDOT
crystal, control of oxidized level, extension of conjugated chain length of PEDOT, new preparation method and
techniques, and the effects of crystal structure on electron transport properties as well as the flexible PEDOT
thermoelectric devices in the future. Additionaly, it is necessary to keep up with the development of n-type organic
thermoel ectric materials.

organic thermoelectrics, conducting polymer, PEDOT
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