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Abstract:
sulfonate (DS") by a galvanostatic method. The influence of potential and overpotential process on the electrochemical

We electropolymerized polypyrrole (PPy) films doped with para-toluene sulfonate (pTS~) and dodecyl

properties of the PPy films in NaCl aqueous solution were investigated by cyclic voltammetry (CV) and electrochemical
impedance spectroscopy (EIS). In addition, the influence of insertion with or without ions on the PPy films was also
studied by the EIS of PPy inserted with or without Na* or CI~ ions in specially prepared aqueous solutions. Results
showed that the ionic conductivity and the capacitance of the PPy films increased after the first CV and the electronic
conductivity of the PPy/pTS increased after the insertion of Cl™ ions. However, PPy films inserted with or without Na*
ion showed little difference in the EIS of the PPy films. Furthermore, the ion conductivity was affected by a change in
the microstructure of the PPy films with or without ions which was also apparent in the EIS.
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Fig.1 CV curves of PPy/DS and PPy/pTS films in
0.10 mol-L* NaCl solution
scanning from 0.5 to —1.0 V and the reverse, scan rate: 20 mV +s™;
(A) Na* ejection, (B) CI" insertion, (C) CI” ejection, (D) Na* insertion
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Fig.2 EIS spectra of PPy films in 0.10 mol- L NaCl
solution at different potentials
(a) PPy/pTS, (b) PPy/DS
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Fig.3 Equivalent circuits of PPy films in different
measurement conditions
Rq: resistance of electrolyte solution; R: high-frequency ionic charge
transfer resitance at the polymer/electrolyte interface or electron
transfer resitance at the Pt/polymer interface; CPE,: double layer
capacitance; W: Warburg-impedance; CPE,: saturation
pseudocapacitance; R.: electron resistance of PPy or ionic charge
transfer resitance in PPy; CPE,: double layer capacitance or the
capacitance of PPy film; R.;: electron transfer resisitance of the
redox reactions; CPE,: capacitance of redox reactions
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PPy/pTS 7E NaCl ¥ - i 32 6 45 B 2 b i 5 e Ay
PRI R, T FENapTS ¥k i 4 20 B F b2
AR, BEAY BHPT R 1 K. A AT, B 5(0) K]
4(b)H i B AT G B9 PPy/DS 7E 0.4 V LA A
[F] 95 W H 1 LT 22 AR /DN, ixX F2 22 ]y PPy/DS
MELL S BT A T Ak 2R Ac e, FEAN TR B B A iR
PR 5 HL BELRI FL Ak 27 O n Fe R4 3CR.

Hi &l 5 AT, BH 55 ik A5 5 % PPy/pTS i
PPy/DS 5% 0t AH 7], H o PPy/pTS 7EHx A C1-
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x2 5t PPy/pTS #1 PPy/DS AEMRE T X iR EHE
RS HE
Table 2 Fitting results of EIS of PPy/pTS and PPy/
DS under different states in Fig.5

RJ/Q) CPE; (F) R./Q) CPE,(F) R./Q

PPy/PTS with CI” 71.29 4.29x10”° 3810 6.86x10™" 7277
without CI- 74.18 3.40x107 7447 7.10x10™° 38510

PPy/DS  with CI 86.41 1.50x10™ 4354 2.80x10™ 11087
without CI- 86.45 1.40x10™ 2398 6.50x10™" 9222

BB A BEPT B A/, X PPy/DS WIS i AN K
AT A G0, fh T pTS—5 JEML g 5 A2 4 (A
ME, SERH B R A O TR 3 PR 1, LA RE S T
% 2. M 5() AT AL, CIEF i A 5 X% PPy/pTS
1) A2 BT S 3 A2, LE CLgs T s Y
REACHA 3, PR, F1 Res 43 5N 3810 il 7277
Q 14K 37447 F1 38510 Q, 1 B Ak 27 i HL 45 CPE,
M/ N — BRI R AE Clig AR SR g b T
AU, T CIBEIUS BARFLALATYARTE 0.4 V, [HIZ K
N T B 2 i A TR 2415 R 15 42
FEA N T /0 T H A5 3 I 20 T, 5 SO e BH 3
N, WA Rey FIXETIN. Ry 1 CPE, 2 RAEM)
J=PPy/pTS A HL A2 A8 H [ W 3 #2, T pTS—58 111
K55 SR ML R R AR Fa Ak 2 A et AR A d ALY
CIHEM T, FERE AN CIIEF2 5 TR 4>
B AL 25 N B 7E CLIB Tl ), PPy/pTS 1R
MES pTS B FiFA T LAk 22384 S g, DA T (A5 SR ik
e A PRARE Py PR A 27 S5 I H BELYE T, W Ak 2 v 25 0
7).

& 5(b)H CI7 ) AR H 6 PPy/DS [ HE
fe2EBR BT AN, IF A CIIEs Tl i, Ji

25000 -
(a)
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AE2EBABTIRN, 125 5 PPy/pTS AR AL 5E A .
HATE CIrg i G R HH 4354 Q FE(IRE] 2398 Q,
AR ARE S 43 1 H A2 1 FL B R 11087 € BEAIR
1| 9222 O, [F] B HL Ak 27 1 FL 25 3 K — 1% PPy/DS
M85 BT DS E B fEBE N, s Frim A5 &
X RS HL S 852 R K, H CL B - i A 32 15
PPy/DS W HL 3G F, I Re AYZS LA R IR
SR ALY, WP, KRR, 1 CPE, B725 1k
WAIEH g CI i AR . S AT BB JE CIiY
AP ECER M B A OIS A AR AL B Y. CIB 1
M A 23 T2 PPy/DS W 4s, 1 Cl&5 a2 fiff
I 14 2 1 R FL B 398 i, 5 2 fof A5 45 R RSH 1 FH
FpTSTER MG B rh %15 ARG N2 5. pTS 8 ¥
HL BEL AR BTG B R o FOREAIR, [RIE L (A5 e Al 2ot 72
HINZ 5.

LA BB Rl R, I RS ] (4 B - X PPy/
pTS IS L KT PPy/DS. PPy/pTS 5/ R~ —1r
[ 2 A2 sS He SO B82S 5, TR/ NROGT B 8
T A B L R A 25 0. 1T PPy/DS e BH
TR AL S, BB it A AR A HL 2
FIEL AT R i3 /N,

232 No'& F RN R k& R

RIS i AR A Na i T 5958 i BT
5 ULIE 7, Na* s TR IR B R 2 72 L IR 8. 3%
T ) AP =0 BH R, XELL S R Rk T r
b2 i AR SR, BT LA AP 78 38 i g i v
Na* 2§ F B HIS Tkt A SR ML A5, AT TG 7 A
Na* B 1 B Ot SR LI B 52 . Rk, T 7 p 2R
M HEE 1 FE Ak 2= BHATE 9 28 A 22k B T Na iz A
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Fig.7 EIS of PPy films inserted with (=) or without (o) Na*in 0.03 mol-L™ AICl; solution at —-0.5 V
(a) PPy/pTS, (b) PPy/DS
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Na' ejecting
PPy/pTS
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-0.251

V1V (us SCE)

8 # A\ Na'=E-FH PPy/pTS #1 PPy/DS % 0.03 mol-
L AICL; iF i # Na'B FRAEERMBIMAR &
Fig.8 CV curves of Na* releasing process of PPy/pTS
and PPy/DS inserted with Na*in 0.03 mol-L™!
AICL; solution

scanning from —1.0 to 0.5 V and the reverse; scan rate: 20 mV +s™

o, S5 E 6 24, B 8 HAE — IR E AL AR Y
FLI 5 50 R R I 2200105k A T Na*sd F 1 Bt
2.

I 1 HF CV ME 8 H Na'B PR G FE Al 4,
PPy/DS £ [H &) 323 TAF MR 2 L i FIE AIC,
VSR BT AL 34 B f KT PPy/pTS, (Kt PPy/DS
F BH 5 722 Mg T PPy/pTS.

51K 2 rh BRI JEAE NaCl 1A b J5 25 F 2k
W JEASHLAL R (9 AR 2= BEAT LA AT, B 7 HhAE
0.03 mol - L™ AICL; % ¥ H1-0.6 V HL{ii T PPy/DS Fl
PPy/pTS AL 2# BHHT I 3K, AT UL i rh /s
Rt —Hr BHE ¥ WA TR 5 75 0 T D SR 44 A 1R
KAFEMA. TS [R]85 08 DSt 2R bk g R 387 ek 7
W JEA BRI A, B B R AR A K, TR
AICL W P AL = PR R F 2= T A 1
P BE 5 R L -5 6 ) fL A 2 A8 48 s 1o 3 R T 35K, 1t
Ao S R0 H % RS FH T 3 B 1, A 5 4 3%
3. £ 7(a)" PPy/pTS 1£-0.6 V L T Ry, MI{H
(7537 Q)ETERE] 2(a) iz BRAE B LA T IZE (3500
W —FEZ, K 7(b)H PPy/DS [ Ry {E 3 0

%3 7 &1 PPy/pTS #1 PPy/DS RENMRZA T i BT E
EHIE BUE
Table 3 Fitting results of EIS of PPy/pTS and PPy/
DS under different states in Fig.7

R/Q CPE; (F) Ru/Q) CPE,(F) R/Q

PPy/pTS with Na* 73.08 1.05x10™ 7537 1.30x10™* 59638
without Na* 71.70 1.40x10™ 11890 8.20x10~ 87000

PPy/DS with Na* 76.37 2.90x10° 9310 1.05x10™ 18350
without Na* 60.71 2.90x10° 9725 4.30x10” 56171

F1 9310 O, HBHFTFHE R A A THRAR A L. AP
D55 RN 85 A H A2 A 40 S o wE DAFE B A%
i, B2 T EUBAE ALC 5 T HP 118 L A BT 8 5 3
K. 534b, H1FPPy/DS 1) FH & F 28 #e g J158 T PPy/
pTS, ¥ W& H A [A] 9 FH 25 F- X5 PPy/DS 19 5% i B8 K
ji24

IR MH B R DS L T B BB PR K, [
APETAE N AL L B A K, BT LA R 52 HR
TR T B BIR A 450 SRR Na* i 5119 i
HH X R B 1 SR AR JEUIR S S i AN R, TR L 7
FR SR B AE Nat 8 58 HH /S 19 R B AEAS
K, (HIBE AT BE . PPy/DS 1) R M 9310 Q 5411 5]
9725 Q, 1fii PPy/pTS ) R W M\ 7537 Q 14 fin £
11890 Q. X Fif finad 72 vl K A F Na*# F il
Xof SR L 1 RS GROU225  114) i) S SSORSE v 1) 2 T A% rL
SR,

PPy/pTS Fl PPy/DS 5 AP*H) Hi Ak 2438 e 2]
B RIXE, 1 7 e fb 2 BB AR R 4 2
fhAf g il AR Nat 2 T A5 A& A H A2 BT
TR 43 B M 45 4 2, TR Riix A Na* B F-RE S
5 SR b g SRR AR 1) R Ak 27 S N AL B, T A Na* B+
Jit IS RAFTERR S AP 2 [A) e RIYE %) Ha Ak 2% i
N7, DT e A5 R 1 FEL A 2% S5 7 FL BHL R 385101 1T L £k
2FUEHLZS CPE, IS, A HLEL T 75, PPy/DS B v HL
FH R.; M 18350 Q 3 finF] 56171 Q, 1 PPy/pTS 1Y
Ras W2 IA 59638 Q 4411151 87000 Q. #x A Na*Es 1
f) PPy/DS 1) Hi Ak 2 [ i HE BH %5 PPy/pTS /N, 1 ik
H Na*B T )5 R BI04 PPy/pTS K, 1A
Na*fJitk A X} PPy/DS W20 KT PPy/pTS, %4516
.5 PPy/DS BH & At RESL PPy/pTS 5 —3L.

PRI, Na*eg it A -5 756 SR R iy L 52 58
UM AN RS, AFLX B8 RO 45 ) ) 52 i) 2 S 35 SR i g
5 B L S R (W AR Ak, N3 Ak BH AR 43 1
i b2 IR G FE S i AR Nat B F AR KR,
R Nar B 110 SR H 6 JIE 14 Ha A 2% SOy v, LB I
BN, G3Ah, Nav B Tt A5 5% BH B 722 etk B 4%
588 P14 SR ML 6 B L A 2 BEL e AR AT AR A S i K.

R MHI A B A AR H A8 7 Al 8 22 1Y)
VoS B AR S 25 T 3 S A AR L RN A Tt BELATC A ) o
S o, SERG4E R R CIES F Y A X} PPy/pTS
L S R AR R A 5, TE B T A X SR ik
S H S 2R A S ), T Na 25 B A K SR I s 5 11
HL GRS AR IR B T2 5 T Rk A5 i BH
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PURMTR > AL 22 SONE, BENS LA = SO FL L. 7]
Bf CIAH Na* 8 5~ - A RIBE HH 2 {7 2R b s I )
WA e e A7 A, AT RESZ I T SRR I 5 r 1) 8 1A%
K FELBEL, i X 4 LA 2 BELBTE 7 AR — 5 AR

3 & i

(1) “3FHLA; 3 FEXF PPy/pTS F1 PPy/DS HY i,
e Ve i 4 SR — 2, #PRE TR = SR gAY 25
H SR B L 2%, Dl ISR AR R B PR R

(2) SR MM A5 2 - 1 b ARG H 7 5% Wi 7 22
E AR REAR B S bl s A MR 2 R A8 i BT )
DU B et ke, PR S8 1k i 45 B REAR A 5%
A B T SR ML B M RE 2 . LS AR A i
FHE T PPy/pTS MUHL T35, IR B 25 i fix A XS
SR I S HR, SR (52 ). T Nat i 1 A i AT SR it
W R L S AN K. [RIET, i AT S FRES 55
M 55 BEL AT AR AT 43 1) R Ak 2 SO g, DA TG (A5 HE
A2 SN HL BELDB IS, H A2 2 1S .
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