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Enhanced conductivity and regulated mechanism of PEDOT:PSS film
with biomass-derived gallic acid
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Abstract: Since poly(3, 4-ethylenedioxythiophene) (PEDOT) has advantages of flexible stretchable, high biocom-
patibility, and controllable conductivity and work function, it has emerged extensive application prospects in the
flexible wearable electronic devices. In recent years, as the increasingly resources crisis, research and development
of the high efficient, green, and sustainable bio-based dopant for PEDOT: PSS (polystyrene sulfonate) system has at-
tracted serious concerns of the relevant researchers. For the first time, this work reported a new approach to pre-
pare high-performance PEDOT conductive film using biomass-derived aromatic weak acid, i.e., gallic acid (GA, pKa of
4.41). Its special structure of adjacent multiple phenolic hydroxyl groups created a stable dual-hydrogen bonds
combination with PSSH. The binding energy of GA-PEDOT is significantly higher than that of its petroleum-based
strong acidic isomer (2, 4, 6-trihydroxybenzoic acid with pKa of 1.68, ) with PEDOT. GA doping not only realized the
high efficient phase separation of PEDOT-PSS, but also optimized the conformational of PEDOT molecular chain,
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the optimal morphology and orientation of aggregation structure. This endowed GA with high doping efficiency,

and the conductivity of PEDOT conductive film can be upgraded by three orders of magnitude to 1 050 S/cm, only

with 1.2% of doping amount of GA. That has reached the highest conductive feature in all reported bio-based

dopants, and the doping efficiency of GA is significantly higher than that of bio-based dopant and its petroleum-

based strong acidic isomer.

Keywords: gallic acid; conductive film; poly(3, 4-ethylenedioxythiophene); conductivity; dopant
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Fig.1 Pathway of high-conductive PH 1 000 nanofilm prepared by doping with bio-based GA (a), interaction mechanism of GA doping and DI water post-

treatment on aggregation structure of conductive film (b), electrostatic and hydrogen bond interaction of GA, 2,4,6-THBA with PEDOT and PSSH/PSS (c)
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i P32 SR T PEDOT % 3K 25 44 ) 38 i B AIS 1 Fla 7
BRI RS, MNE PEDOT W Wi 5] 75 45 & g 7
W5 B, T PSS 1Lk PSSH 5 . HiE Hy
TREEE TR, PSS Wi 1v] = 45 & RE 7 m # 5)) o
%8 TR S, PEDOT 5 PSS 7 1 £ 1 B
TF, ULHAEB 4> PSS/PSSH 1E M o A& Hf 4k i i 5
Bro WLk, BF PEDOT 4 F &M 4 K&t A 45
My Ak R AR, R bR T Al
B, Kt PEDOT Wi m K37 85 5l . kTR
T — 1k 1 28 AR W O 3 2 B, A H AR AiE PH1000
FHME, 4 GABZM FHEAE 274 nm 4 1 B0
W 04 . 214 nm WA 5 226 nm W W04 G T G 5
FEREFED, FaEEFRAMEE, FHEE
274 nm AW i REAG, BT3B = T AE PH1000
SH B A 6 B, UL W PH1000/GA-W ' HL I (1)

GA C# K= LR, HE —ERE . Wik, Mk
SRS AR B YE, T GA R 5 PEDOT
Z B R AR . S E R AN Tk e M AT B D
H 1) GA, SR PH1000/GA-W F: Hi i ' PSS % &
CaRE T, &Lk, Btk e Ty
58 PEDOT:PSS S MERYJR A, £04% PSS A1 PEDOT
HEZ [RIIAHSES . PEDOT 43 FREE4 04 . PEDOT
REFEH S A R FH Y5 PSS/PSSH MR .
2.3 SHEREEMNBMAERS E@HET

JE - 7 BT (ARM) 5 0] DL Wil 3% BT S
Xt PEDOT 5 Hi JIE (¥ S % 5 5 PEDOT 2K 4 A 4iE
G5 I HEAT RAE . & 6 Sy =P T HL B ) AFM JE i
B 5B (1 pmx1 pm), FHEATA: ARAE S R
) PEDOT M R P8/ . H 27 IR 241 HE
F, HAH X HLEE B (RMS) 9 0.681 nm; 48 GA
ZRIGIE S S LI, PEDOT BRAEAH N ~F i 1k,
HRMS M % 11.9nm, FE4EE FRGEME,
Bt %5 K H 4 GA S PSS B RSBk, 3 HEL R 9 RMS [
% 1.94nm, A, FHE PH1000/GA-W ¥ PEDOT

/6 SHLfE PH1000. PH1000/GA Fil PH1000/GA-W ) AFRM EHiIESE ((a)-(c)) FAAE ((d)-(e))
Fig.6 AFM iamges of surface topography ((a)-(c)) and phase mapping ((d)-(e)) of conductive films of PH1000, PH1000/GA and PH1000/GA-W
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REMBIHE —F &S EATFOHES . HREMR
<t 3K F PH1000 LR, 3X# A FF PEDOT %
LMY BT R S AH , 3 1fii $2 F+ PEDOT:PSS f#
SRR RTIRAE FORFSE TAER B, PEDOT %
B8 RH Y RS B HEF D 1) X6 S E B 1 L R HLA B
Fhmi, & 5(b) AT, =R HLBEYE 400~700 nm
DX 35 i e 4 B L RO R R LR 12 T v Y
P, XS H I PEDOT &AM F17 TR
HeAR i Zhise . HUAARTT =, S PH1000/GA 1T
FERPE (A RK) PAME S PH1000 (1 0.113/pm
T E 0.224/pm, & LB K JE AL S A E
PH1000/GA-W H:W S B AL M f B A %2 0.201/pm,
{E475 Lt PH1000 A5 i B AR W0 B b3 e ) 77.9%
XU GA B4+ 5 8 7K 5 A HL 75 PEDOT (1)
RAE 5 by HE AT T £ b R 3R BT 2R HE S 1 Ak N o
T FRIEHES, 2O R B2 3% Jin PEDOT UkLA% it
[ A 456 X8, AT e 35 42 7+ PEDOT 7 Hi R 11 1R
SR8
2.4 BABABEFHESEESBENITEHR

R T B TR 158 44 T+ PEDOT:PSS it 3
HPERE B A2 0%, A LR 45 S pKa it
INFEE TR (4.41) A0 LSRR F AR ——2,4,6-
=R B AR (2,4,6-THBA, pKa=1.68) 12k ) i
WK ARRBREY TR (TA, pKa=6.0"") 43 2 50UR
AT, g5 R 7. R 1AE S2 s, TA &
BETFRNAREGEAKXAY, AT RERE
SR B PR HE AL R AL 5 . L pKa {Uh 6.0, A E

I LB BB 7 Y R AIG A 45 PSS #% 1k Sl PSSH 1 L 1]
J¢ TA-PEDOT i L5 5 Jy A48 2%, T HLW o7 1 2 2k
B b 55 T e S PSS TE L A s I fE T . % b
WHERMZW, PWEEMRZBIKET (1.0%),
RAEB T KA BEAY GA BRI S PERE N TA
Zeim 2275 X EFKEWE S5 min b5, A
FHHRSRANEEN 1545, T H, 15 TA i
B (2.5%) T, WA SRk 25S/cm!™;
BT TASr FREE . )52 % 60 min i) X5 1
Ji b BE A RE K KR4 TA B, Hop SR 4k Bk
T+ % 453 S/cm™; SR, FERETRBAET, XL
7 0.49% 45 Z it R AT 4R 45 5 Z A W] 9 S B PR BE .

1200 Post-soaking with DI water
(5 min for GA & 2, 4, 6-TBHA, 60 min for TA)

1000
g 800
2
B
E 600 Fo4907 ~1.1% 2.5%
S
2 NN N
g 400
@)

200
—Gallic acid -®-2, 4, 6-THBA -/~ Tannic acid
0 05 10 15 20 25 3.0 35 40 45

Additive/wt%
B7 RETMR. 24,6- = FIRFRAR TR
XK AL TR R
Fig. 7 Dependence of conductivity on doping amount of gallic acid,

2,4,6-trihydroxybenzoic acid, and tannin acid.

F1 REFH. 24,6-ZREXRBRNETHRISREFHRRN SHEEREITTE
Table1l Comparison on conductivity of nanofilms prepared by doping with GA, 2,4,6-THBA, and tannin acid.

Melting

Post-soaking Thickness /

o4s € e S -1
Additives point/C pKa Addition with DI water om 6/(S-cm™)
Lo No™¥ 135.9+1.2 2.48+0.6
e 5 min 67.61+2.7 65.7+2.5
Tannic acid 218 6 4]
No 250.2+3.5 25.0+28
2.5% . I14]
60 min 110.0+1.3 453.0+21
0% No 90.8+4.0 563+30
Gallic acid 252 4.41 =R 5 min 68.2+2.2 961432
1.2% 5 min 69.3+0.6 1 050427
2,4,6-THBA 210 1.68 1.0% 5 min 46.5+1.3 411+12

T LR arAr S s mr s 8, T A
5L 5 ik 2,4,6-— 2 LK H iR (2,4,6-THBA) [1)
A FHERILGARH 273 M ER, HE
FROR R 2 T GA. SR, BIFST  B AE TE A
[F#BaaE (1.0%) T, £XE /K45 2,4,6-THBA

B2 5 B B 9 R (411 S/cm) 103k B GA B 4%
TR ERE (961 S/cm) 1) 42.8%; TE I fEB a0
T (2.5%), A5 ERE (1032 S/cm) AL fEIA
FHE I GA B4 (1.2%) 9 /KF (1 050 S/cm),
BV 7E AR 7] 5 g, PE BE T 2,4,6-THBA 95 22 7+ 49 Jy
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GAMMIRE . UL AEY TR E RS Al
2,4,6-THBA At H A B B (0 4> F 25/ e 3, i HL
Zy P HGE KT 4B ik B 24450 & 3
T B RE T By
2.5 R EFEX PEDOT 5 B AEHL &I

T i R B T R 3 5% PEDOT:PSS fjt
SRR IOAE FALE], AIE SCR 12 sR S 5
3] % GA-PEDOT/PSSH . 2,4,6-THBA-PEDOT/PSSH
5 PEDOT-PSS/PSSH 43 - [H) & S 1E 1 5 7> T 45 &
AEJRIT TIRAWIGY (52 518 83), 45 9%,
TR S5EES I N, PSSH 5 PEDOT Z
] [ 73 F-45 4 BE (~0.425 eV) .35 T PSS 5 PEDOT
] 1 23 145 4 fig (-0.872 V), Ui B R 1t 35 2457 5|
S T B (PSS>PSSH) 5 A R4 M % %
PO TR 45 G 00 . AR SE I A A A B
GA 5 2,4,6-THBA [ R R R ¥ W[ 7 & A i F
B 5 T 5 PEDOT JE BN U4, H T 2,4,6-THBA
HAEWWMMEAETHERT. BB TEEYS
Bl ZES 11, FrLLE 5 PEDOT U454 fE (-0.343 eV)
W% = T GA-PEDOT 9 7K °F- (-0.314 eV), {H 2 Hj 3
EHAEEFE ., M H, GA, 2,4,6-THBA 5 PSSH

MIZ5 A RE B 2 = T B A5 PEDOT Z M )25 & hE,
X 16 B 92 ¥ PEDOT 5 PSS/PSSH 1 AH 43 B9 42 % &
T 5454 PSSH SL L ; BA15 PSS/PSSH 19 15
B4k A LK T PSS/PSSH 43 F 5 5 PEDOT % Bt 1)
ZE A, ER L AE A T E I B ) S K TR T S AL
M1 5238 PEDOT 5 PSS/PSSH (A48 . 5 2,4,6-
THBA HEb, GA 2R 22 B 52 3L 45 0 i A5 & n] 5
PSSH J& i X &V, 1) 2,4,6-THBA [ 32 3 8] 1% 1 A1
BE— NIRRT . SOV RS PSSH B A U (151 1(c));s
mH , GAJE B M A & 8 Y 8 1 (1530 5
1.574 nN) $J 1% = T 2,4,6-THBA J& i, 1 Bp S 8 1
J1(1.511nN), HEEKAA Y, XA EMEHT,
GA 5 PEDOT W45 & fkikF]-1.168eV, NMULHE T
2,4,6-THBA. PEDOT 5 PSSH [H] 9454 fiE (-0.787 eV
5 -0.425 ev), #£ % I ¥ & T PEDOT 5 PSS Z [
17> T 455 1 (-0.872 eV). X UL GA AU AT = 4L
Hb ¥ 4> PEDOT-PSSH 25 & 745 . 1fi H. 7T [/ 2 4F 4
PEDOT-PSS 45475, 1M 2,4,6-THBA Y fEVF /3 AT .
X EEHALE . ik, GA 5 PSSH zZ [a] g1 XL
AHERBIN S PRSI EHEA T
2,4,6-THBA (& (I FH 73 B g )1 5B 4280% .

F2 HAZSEMHSRIERASSTEAR

Table 2 Hydrogen bonds and molecular binding energies of typical binding structure

Binding structure H-bond distance /10" 'nm Coulomb force /nN Binding energy /eV
2.633 0.192
PSSH 2.634 (2.889) 0.272 (0.201) -0.425
PEDOT ( ) ( )
2.874 (2.589 0.213 (0.271
PSS 2.522(2.975) 0.292 (0.187) —0.872
9.4 6-THBA PSSH 1.667 1.511 -0.787
0T PEDOT 2.848 (2.467) 0.234 (0.369) -0.343
GA PSSH 1.714 (1.653) 1.530 (1.574) -1.168
PEDOT 2.495 (2.324) 0.350 (0.396) ~0.314
\A s N, N, e -
3 £t PO 1 % 25 4 e ) R U5 4 | 2 v 0 T B

AR E R IIE T 3T AW 2 R A A
Y — BB ¥ 12 (GA) i 4% = P B8 PEDOT 3 H it
R, HMRBILIT EEE8.

(1) X522 1.2% (1) GA Bl A] 5 PEDOT:PSS fix
f PR = A g, A% 1050 S/cm, 7F
CIE Y B4 h B s i S tE S

(2) KB FIRBAA M FEL T PEDOT 5 PSS/
PSSH (Y45 & J1 . 5 BR &R 5> PSS/PSSH, M 1fif 55 3
W B R AR 40 B s X AN PEDOT 43 F A 4 K

[ LA A5 SR8 7, Tl HL R 3 HE T PEDOT 43 146 7]
M 44 6E S, Bk T PEDOT [ R AE45H . IFf
PEDOT J 4 4544 B Z b 15 V47 5 5 HES , I
SCEE T PEDOT Y it AT 7 SR 4 o
G)FEZRITHEERN, BB TR T
S 45 B AN AT A RO PSS 4k R PSSH, 11
FLHAR A 22 1y ¥ 3 45 40 T 3 5o USR5 PSSH
et RRE S A, HE A E % KT pKait
INFE AR R A IR ——2,4,6- — FRHRH
iz 5 PSSH Z [ W45 & fg, M7 GA BA 3 &



EEMRER

£ 2322 -
ORLEOEVESS BB AR 2y TR A 7R G, R o A
AT i PERE PEDOT R BEAG il &5 Wy BB | T IR A e (E AL MR IFRE 78707 10l o

AL T I8 P2 R e e A AR W SRR AR, B B

% S1

RMBARFMESFAELIEEH GA BESHEENEEMBSE

Table S1 Thickness and conductivity of GA-doping conductive films with or without DI water post-treatment

PH1000/GA PH1000/GA-W
Content of GA/%
Thickness/nm Conductivity/(S-cm™) Thickness/nm Conductivity/(S-cm™)
0.0 65.0+0.62 0.93+0.02 58.7+3.64 0.93+0.07
0.2 65.3+1.59 43.9+1.02 59.8+4.31 125.8+11.57
0.4 70.1+2.68 186.3+4.63 64.8+1.57 364.8+11.62
0.6 75.0£2.49 296.3+14.53 67.5£2.77 618.9+21.19
0.8 80.1+4.37 543.5+35.36 68.1+2.43 799.2+20.89
1.0 90.7+£3.97 563.4+29.9 68.2+2.16 961.5+32.04
1.2 - - 69.3£0.60 1 050.5+27.31
1.4 - - 69.3+2.48 1 041.6+28.49
1.5 - - 69.6+1.06 1 039.9+35.69
1.8 - - 69.7+£0.8 1 032.7+35.66
2.0 - - 69.1+1.26 1 040.9+36.22
| PH1000 . ——PHI1000
~ S e M A ——PH1000/GA
NS ——PH1000/GA-W
PH1000/GA-W
2 X o e, -
g PH1000/GA J
‘E’ _"_‘“-\“ o —_— _"-\,II A ; IM,._M;«_/\,- g
§ N v |II " r|,| VvV g
= Gallic aicd (GA) =
) P My
f
| e [ ) )'1\ fA
V\\//V 1 'w
| U
4000 3500 3000 2500 2000 1500 1000 500 250 500 750 1000 1250 1500 1750
Wavenumber/cm™! Raman shift/cm™

¥ S2  Raman spectra of conductive films fabricated by PH1000,
PH1000/GA with or without post-treatment

[¥] S1 FTIR spectra of films fabricated by gallic acid, PH1000 and
PH1000/GA with or without post-treatment.

% S2 2,4,6-THBA 5% DI K FIESHEENEEMES
Table S2 Thickness and conductivity of 2,4,6-THBA-doping conductive films with DI water post-treatment

2,4,6-TBHA/% Thickness/nm Conductivity/(S-cm™)
0.0 58.7+£3.64 0.93+0.02

0.5 50.6+£1.71 322.6+14.1

1.0 46.5+1.33 411.0+4.12

1.5 44.0+1.70 657.1£6.91

2.0 40.9+1.31 810.6+5.09

2.5 45.31£1.72 1031.6+8.84

2.75 45.912.65 1 007.9£30.7

3.0 45.6+1.85 983.5+30.8

4.0 46.1+1.87 1 001.7£30.1
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2,4, 6-THBA-PSSH

2,4, 6-THBA-PEDOT
Q,
Q
Q 0

2.848 4% 2.467
a o

GA-PSSH

[¥1 S3 PEDOT-PSS/PSSH, GA-PEDOT/PSSH #il 2,4,6-THBA-PEDOT/PSSH {2 5 4544 FI A8 (34372 0.1 nm)

Fig. S3 Stable conformations and hydrogen bond distances (Unit: 0.1 nm) of PEDOT-PSS/PSSH, GA-PEDOT/PSSH, and 2,4,6-THBA-PEDOT/PSSH
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