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Summary

I. Research Subject

A study on electrically conductive polymeric thin films

II. Purpose and Importance of Research

Much progress has been made during the past 8 years using
polymer materials for battery electrodes. Mechanical stability, higher
energy density, cyclic stability were needed for an appropriate cath-
odic materials In a rechargeable polymer battery. At present, poly-
pyrrole appears to be the most promising candidate. Polypyrrole has
been found to be more mechanically stable and to show better cyclic
stability. But the following two point were requesied in order to
apply for battery cathodic materials. First, the doping charge of this
films must be increased to improve its energy density and sustain
large current densities. Secondly, doping—undoping process must be
made more reversible to get an increased current capability and an
enhanced rechargebility.

In this study, to get polyrrole films satisfying the above two
conditions, polypyrrole—Nafion composite films, polypyrrole laminate
films, films doped with two kinds of anions such as DS and ClO; as

well as polypyrrole films prepared in NaDS/water or TBADS/AN



were prepared by electrochemical polymerization in various ways. The
charge—discharge properties, morphology as well as the electrochemical
properties of these films were investigated by cyclic voltammetry,

chronoamperometry and scanning electron microscope.

HD. Scope and Contents of Research

1. The polypyrrole films that have good mechanical properties as
well as high conductivity were prepared in NaDS/water or
TBADS/AN.

2. The microstruciure of polypyrrole main chain as well as the DS
anion distribution in film matrix were Investigated by using x—
ray diffraction method.

3. In order to find an optimum charge compansating ion, the
charge—discharge experiments were carried out in aqueous sol-
utions with various cations. Diffusion coefficients of the cations
were measured by chronoamperometry method.

4. In order to improve electrochemical stability and doping level, pol-
ypyrrole—Nafion composite films were prepared in aqueous sol-
ution with electrolyte Na(lQ, or NaDS. The charge—discharge
properties were Investigated by cyclic voltammetry method.

5. Laminate films were sequentially prepared in electrolyte NaDS,
and then TBAC! in aqueous solution, and polypyrrole films doped

with two kind of anions were prepared in the various compo-



sitions of electrolyte NaClQ, and NaDS in order to increase en-
ergy density, current density, electrochemical reversibility for the
fast recharging for the application for cathodic materials in a
secondary battery. These properties were characterized by cyclic
voltammetry. Morphology was observed by scanning electron
microscope.

6. Open circuit discharge properties were carried out for polypyrrole
films charged in the NaDS/water or the TBADS/AN, using

anodic electrode Zn in ZnCl, and NaDS$S electrolyte solution.

IV. Results of the Study and Recommendation on its Implementation
1. The x—ray diffraction pattern showed that the polypyrrole films
prepared in the TBADS/AN had partially a higher "degree of
order” of DS anions in the polymer matrix as well as poly-
pyrrole polymer main chains than those of film prepared in
NaDS/water. In case of the film prepared in the TBADS/AN,
the DS anion strength in x—ray diffraction spectrum was dimin-
ished after the doping—undoping process in the TBADS/AN, but
increased after that process in the NaDS/water. These results
meant that DS anions stuck to the polymer chains in the NaDS
/water, cation moving into the film, but DS anions were re-
moved out in the TBADS/AN. In the doping—undoping process,

electrochemical reversibility and doping level increased as the

9



molecular weight of the cations in a electrochemical cell de-
creased. This result supported that the doping —undoping process
depend on charge compensating cations.

2. Nafion—polypyrrole composite films showed betier stabihity and
electrochemical reversibility than those of polypyrrole film alone
in NaCl, water in redox process, due to charge compensating Na
cation in the film matrix.

3. The CVs of the laminated films and films doped with two kinds
of anions appeared to be very different from the curves usually
reported. The oxidation peak appeared at —0.43 V due to in-
sertion of Na cation and then again about +0.4 V due to in-
sertion Cl or ClO, anions during the charge—discharge process.
The reduction peak was well—defined. Since the oxidation reac-
tion occurred successively at the different potential by both ca-
tion and anion, the laminated film or the films doped with two
kinds of anions had a higher doping level and better elec
trochemical reversibility and kinetics than those of the films pre-
pared in the single electrolyte or single polymer layer alone.

4. In the open circuit experiment, cell voltage 1.5 V was observed
in the polypyrrole and Zn cell system.

The above films are able to be applied to the cathodic materials

in the secondary battery.
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AN A E

1979d Diaz %<l 9] 3l ol A E o] EE (AN) ol A &
(pyrrole)&  @rlgs"oz st FFERNM  AVNAERET}
100 S/em 2 7129 R LRI uls] HFE =, FTot
Mg (polyacetylene) Rtk t71%e] 2 E 3= S(polypyrrole) &
BEHoz e ¥ JiE¥ad, //H—z} wEA, olg R, WA
A9A R eAEAe s3ez fesdAE AT WYHS fe
(1-10). 2 ZGME 53 #HAr7Ax4d 22 BAL ok W
gle] gadE=s SesEE A7 s JAYIn Aok AIA
22 A&7 AdMME AT JAF B4 2 o 5 o
Uz WdE R ARUEE 4] s =3 Asiyel Aoksm, ¥
e AREFH =g wWE A3F4L @71 Hd =F-¥ET
Bo] stgHolot @ IAREAM FIFPEL £ AH
E4¢ uvgd B oy dirFe ¢Fsn @AVsEHez 44
ESY-SEFY F
o Aol WoixE wHel k. 1Y, EFHWEL FUE

£

Fgol AT A LE R FYA

32
rir

o A, TBE Lo]L, £ui T HsS PEFY FA R U
zo] ol&e Ay we EYAE NAH FH R IR F
Kol A dgEsEz qdux 2= P EP-¥xd HAFY 79
4g AA AL § Ut Al E¥ Un(10-20).

2 dFdeide ZYASL oA HFEFHLE SEHHT
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= 2Fd £HEL wFo EFyIds LEH Fuag, e Aw
2 2.3 B4e AN #ohe1-23). 2 g7 ME 94 =
AL vgu: AT 2AL Azs7 A3} sodium dodecylsulfate
(NaDS)ol Al 714" EAol S ZEAEZ Zsted x—AFA
of ojsted WE WY EFE(dopant) g Txe EWEY T
Aq3zs AL, Foled AVd wIH HAH -4 EAHE
Jehle =3-2=9 #AY 794 E A8, £ F-9A
o we AL FAANII HATS Z g7 &—Nafion =¥
dse Azsgen, =3dd % JdvA BVEEFE gAA 717 $Ast
' mamE @ NaCIOS NaDSE EHF BgEAAAA Eeld
2 #sL Az cyclic voltammetry(CV) ¢t chronoamperometry
(CAY 7oz 2-9A B4 zAINID, FAAL scanning elec-

tron microscope(SEM)E 183l #3F [ A=
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Azzx 4 7

A1E AE Ax

Z-3d EAHL ¥F (lem X lem) & ¥F o2 AHEstd SmA
/n’e] A{dEz 4ASHA AWM 50mC/em’e] HelFoz +4
dgA dEFAd 036M HEFH 0036M NaDS T NaCO &

AW A8t o 023mel ZFge BEL AXSAT. B3

o

5L Azxstes ZAfde A9 22 =PHA g¥ 25mC/m® A
stFeR  NaDSdlx HEE FHE oF & Hilzge=zm
tetrabutylammonium chloride (TBAC1)E x2%3d A#HAdqA Hee
¥ =g EgddddN EELE FHIe A$d= NabS

g NaClO:E 1:1Bulz H& dAsdgdoy 99 e wPoz @

FEESE IHYE AFe ¢3Z& Fol UA: v¥e 244E WF
ATl d7)ged F2A UFATS o 25me BEoE IYH
F olAE HFoE Agsd 99 #e Ugez EFYWE "UE
& FEsAT X-H¥" 4Pz AAFzE #Fr] st
tetrabutylammonium dodecylsulfate (TBADS)/ANejA Zddgg 2
et os, SEMez HEe et #EFY A$ols 3.0 x 35

e WFATE Agste] 2mA/ae) AHFUAEEZ 2AT FRHATH
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1. X-d34d A9

TBADSE =Edstx gle ANSu)sl NaDSE 2 8e 24
X FgY EZddg ¥s9 wATze 2-wAwse wa T
EUel EEF o9 wMdTz ¢ oled AFL IS 94
Diano 53XRD-8530 ¥2l§ X-43d =379 RIGAKU D/MAX-

LITBA A CUKe WALE Algste] X-M3d AHEIL J9tu)

F2] 0 E 9 FUAEMLE Function Generator (HB-104,
Hokuto Denko Co.)2} Potentiostat/Galvanostat (HA-301, Hokuto Den-
ko Co)E o]&3t9} cyclic voltammetry(CV) 7oz 23 % ).
iM KCl2 =33 ruggneddd 4923 Ag/AgCl REHAZT o

A4 #AYAFe AAE —08VlA +05VEANH FAXTE 20

-

30, 50, 70, 90mV/sE WIAFHA mAsch olw Fo9A

AHE Omega X-Y 71248 A1gstd 7289tk
3. ¥HIY #F

¥ E9 #Fgge SEM (Hitachi Co., model $-510)8 AlL3}

AL, old FH BAZ AASY st ZYmE YES Au-Pd
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4. A8z PALH

ENE ¥Ee WASHE wHAsY Azt ZnCLF  NaDS
g A4 005M ¥Fxe FEANAH FFL Zn, FHL NaDS E
& TBADSAdAN <¢& HES AR =T, FF59 IFA
e Az wASAHE @FEr] At FE EAEE FaA
At
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A3z A g 3%

A1d EdE QY wATFE AR

A%y R2AE oA AA AIARE Asde AL =
AN Se  EY¥gs EA ATzl AW e wagex
b WEl EAss =¥E golLe WAYHY A o=dg.
ZD9g "Ee wIAA
FAH  FHVT(24-30). olm, FFF EBIWE BVEe Hsuzn
3~ 1Ae ¥ H@EE we HE e F24sk o =4e
AW FHL A%/ 9% gole & "=BE'#Hu s ole
el EAZFAZ doAT o WEE B gUY HFNE (de
gree of order)& UEAAT F¥HA vAY XM HFS UEhd
(31-32). HAxA FE=z o A A M T (molecular ordering)e HE
g Az Wyl A YFsted Q9 WrE 23 swEd =
A d2dT. JETH, Cl0, C153 ZL Ty Loleoz wyd
dEe ¢ NP ¥ s DSPEe 2 §7] Loleez mud
BEL W OIHoz I ¥Huo =4 tad. ode WYY

W71H 540 d%E vk AIAA AF QAL ARk

flo

717 (mechanism) | e TR & Ao ©E A&Z Z (hole)
Ee vlo]Z&E(bipolaron)3 & HE-EwrEle] W (hoping) W ©E
of &R FHAE we Myt olTsE Aoz AT oz
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-711‘%% A7 H5eld F-4AwgA AAAo] (electron transfer pro-
cess) WrEol W Alge wFd JE2FE ¥tk Wernet

71 ArE€ 71A sulfate == sulfonate 2oj&om  wiy
€ FHMES X-48dd dd ZHEyE FRE R:Asm, o o
=ECl AREA UelMd olFFzEo FL& P9 AN (short
range order)& UElls Hoed B FHr}(31). Mitchels e &g
HE FAEol HW Y (configuration) & o]£m om, THE
®O1&E & WHe] gum H3 vl Utk =3 BuckeryE ik
A Foleg E¥dT Ue ZAY ZYWBAGM B3
‘AL X-43 4 (transmission and reflection x-ray diffraction)e] <] &
THOR EUFEge] HW wYE oFu Utz AU ¥ Yo
™ (32), Garnierg& poly-3-methylthiophene2] A¢ x Txzg »
2w AT (81). A, ok F.gd ghso] wa ZTEne
BEHMe  EAste E@E Soled Tzd padge
Aol gtk oY ARe EYHMES oA HF 2az <
StedH Ao F-4A wrge] AxdeldgL ZEg TEA oA
=HES ol¥ERd o8 2A J¥L L= AL 7B FY no
Z 35t

281 EJNEES Y W gHs R Fas uw
HEU EAste =BE o2 Hdg A X = (degree of
order)& #Z37] Ys) TBADSE HAsjzdz 38 ANL (1-a)
st NaDSE& X@¢ $84(1-b)elX DS goleos wPg =g m
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E BEAAN de X-483 AdE=golvt. 200} 5ol RE 20°
B ot dolx A Hag & 4 g AAA g8
4L EYFE FAze] X-d HE 2MEPe 207F 22° BT
g7 REsH, g YE FdH =BE Lol 5 olA
et ez @A ged, odd XH¥E 2dEde nY
€ Phodes®o] #&3 Awae APz A Fch(31).

T84 F71&eQ ANel F2¥Ee] wlal Fxd HAE

oft

Fe FrAR e4¥% 4 Ach A, TBADS/ANAA L& H
& 2071 3264 HEWY x=wEQ] DS wdel o d-
spacing2] A7} 27.08nm¢! AAE=E Jehie I3z S3E -,
21.54" oA °F 4.1nm2] d-spacing® e EANE FAEd %
X-43d 2dEsde FHFHck. ey, NaDSE EFE S8 doA
de "EL ANIA e 2AEYH Hsd AFE UEiAR

ARtAR g9 RYgo] AFoz olFdE HE ¥ F At A4,

0N
2
B
)

=7 Avd oz TBADS ANolA e HEo] NaDS/
TERA L "WE EY © A wEA, F8dHEg ANA
de EQHE "ol LEAY FAE B oME ®E U4 £

Aste E=VERQ DSEoleo] RO o AAMUA widEe ¢

4

At ol JAL S TYE Lol Fr AFHNe uE
A FAEZEY FA Fold 4§ BEAD dFoz A A9F

F Q.

AN

HEg @FAZ &dIfE AX IEAER AT

et 9% a4l HE=R2 {714uWd ANEY BdMe EW
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A7 20 cldg Aot 2dnz, FUWes 238 W A4
de 877t ¥4€ EANE ¥ wsUd =Qs: =@E g

= Pl Fzel QF¥e HHAL % 4 A o T

rlo

£ 74N olv] 2EH ulst go] TBADS/ANE 5ol A
Be FeWE WEd AAY B @de e ste] NaDS/4g oo
Aof2e ARt o Adsw FrAEx R Wwsl TBADSIA
FUE Aol AUHoz B BAF YA Sl

Y 2% TBADS/ANe|H @& 7§ "Ege 2=-3d47
At 2ER ol EASE =BE oo @ XM
A=de Wl ForARSAe Az fv 2 "D o
A AEHeAE B Hed NaDS/5 897 TBADS/ANe]
A 9% g BIAE Adsz 2YY W ve AR Yoz
JAFE FUWN  $AAY EFANS QRN de X-4HF
2degdolt. Fsdxd ERE 200 5olde HE zHgoN u
Bue 2¥MEfs] FEs 29 24 2 4 31%0] TBADSE
Egd3ts ANdAME gaszn 2" 3-(a)9] NaDSE x gl
FEAAE AA /9T oy WYL TBADS/ANAE
AN ZANE BESN THEQ DS Lol od Wy
ZE Avdel Yoy AAEI Z74e AL ouiat. Wegertsx
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olZ% B9 WdFz Ede AA@¥ AAT(3), oAF AL
old ez wAHe Ue Ax AF AW Fd dow, A=
Ae A dx BuA (349 EDSE Agstd ZAWE FIA
ERES olFE ZEAG wuel o], NaDS/4LdcAE AN £
At 28 DS goleel AAHA @3; F8A&e Nagko| ol
EE ¥€F I FHL oF7] A8 uEA gdoz FA
Hol EZojsl EUE FEH dx DS Lojeo] oW He 3§
HZ  Aufdel doluk Ag HeHng =we BEAsr o AAUA

gl ez Fzsm .
A27 ol QI

=4 ZEAQ] FIEe AVgHoez F-wAsH
B59 AVH F4E¢ oF7 HAd folLol "WE AFPoez &9
&4 (21-23). Diazg2 & 2olee Az Agstd FHNE
452 TH39 3-4ANZ AS o uwse FE AN =@
B9 olFxe oE2gg =uFPrh(23). 3, HondaSe sodium
polystyrene sulfonatest Z& TEA THET “IdF YIS F-
FAEA BESY 2BA Loles] o]Fo] oEy ¥E We=m
B veAd Ritxn, WA JEFSFH e Polo] EZdg H
g9 dHeR  gHoM F-ddwgs xS “Hizd ¢
(charge controlled membrane)” 7/id-g¢ HIFTH(35). A BT (34)

oA AFF wiek o] NaDSeole& Abgsle e e 1 A
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s A}
TBACIO S & WAz Algstd Ao BEuY 958 AAR A
4 2 BIH 5S4 U BR ol 898 gz A8

R dAd YE Azd AFHEel Ui, Y FA-FHRSA

>

< 71 =WEQ DSr slaA 9¥eg 2=z NaCl,

dutzog Uzd AP A ClOFHF 2L He LojL&d ol
A71d FAeol He AW ¢ DSLoleol ¥WE Hom wALQ
A Rea, WA Nag %ol o8 #Hvl® FAHo HE& wHAd
(21). o] M= NaDS/F&ddA E&g ZHste 2.9
A Rz Fold AANGE WHAA sl ol A &
A-3dege viAe 9%E CV/¥ez FFsigm, =3 Zy
T OBE UqelM Fel2E9 #HAASFE  chronoampermometry (CA)7)
Mo 2 FAso

14 4-(a-d)= TBAOH, TEAOH, TMAOH, NaQHd|A4 FAlE&%
E 20~90mV/sZ WHAI|HEA de CVIZA (cyclic voltammogram)
°ltt. Na, TMA, TEA, TBA ¢MHE golee BRFo] 2713
me} g -geart Zagn. =3, Asiga Adx g 9
22 oFH FE B 4 drt. NaOHE Asizz olL43 74
© BEAFSA de FL& HY d9ey @sEE Hag o3y
T Foles] EAFel Fugd wE We ge 2xE sd 9
2E olFH, EI #d Hzae d2ex Fadhg o83 A
T Feol2e EAZFe] Frigtel oEl 029 oFxst ZAE

2g 49 AEWrg o]Fe] o +0.5Vellrle] AEE  Scrosati
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(36)%] od#A A7|o]%E = (electrical double layer)d] EdHE A
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V vs. Ag/AgCl

Fig. 9. Scan rate dependences of CVs for polypyrrole —Nafion(a) and
polypyrrole films prepared in NaClO,. Electrochemical

experiments were performed in NaClQ,/water with scan rates,
20--90 mV/s.
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V vs. Ag/AgCl

Fig. 10. Relationship between peak currents and cyclic numbers for
polypyrrole—Nafion(a) and polypyrrole alone(b). Elec-
trochemical experiments were performed in NaClO./water

with scan rate 50 mV/s.
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No. of Cycles

Fig. 12. Cyclic number dependences of peak currents for polypyrrole
films prepared in NaDS( 0 ), Nafion coating{ ©) and Nafion
/water (A). Electrochemical experiments were performed in
TBADS/AN with scan rate 50 mV/s.
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Fig. 13. Cyclic/number dependences of CVs for polypyrrole films pre-
pared in Nafion coating(a) and NaDS/water(b). Elec-
trochemical experiments were performed in NaDS/water
with scan rates, 20— 90 mV /s.
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Fig. 14. Relationship between peak currents(ip,a) and scan rates for

polypyrrole films prepared in Nafion coating{ © ) and NaDS/
water( A).
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Fig. 15. Scan rate dependences of CVs for polypyrrole film prepared
TBAC! in aqueous solution with 50 mC/cm®. CVs were ob-

tained in NaCl/water(A) and TBACl/water(B) with scan
rates 20—90 mV/s.
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Fig16. CVs of polypyrrole laminates sequentially prepared in NaD§,
and then in TBACL. The electrochemical experiments were
performed in (a) NaCl and (b) NaDS.
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(C104, ©), ip,c(A) and the scan rates in the Fig. 16— (a).

51



()

Fig. 18. SEMs of growing surfaces for laminated polypyrrole films(a)
and polypyrrole alone(b).
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(b)

Fig. 19. SEMs of cross—sections for laminated polypyrrole film(a)
and polypyrrole alone{l:).
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Fig. 20. CVs of polypyrrole films prepared and cyclied in aqueous sol-
ution containing NaDS(a) and TEAP(b) with 50 mV/s.
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4 yZn + (PPy'DS7)y — 2 yZn* + (PPy"DS™NaT}y----- (3)

3925 26 2T ¥z AFez H@)H 22 HAFEE
FEAAM Fx7ldle 4 15Ve AdEE uvedin, Ade] Addd w
2 100x27xle FF3] #E Fadorl olFze HHSA Fad
o, WAl 10%oz F/ge wWa #FA E£x7t =oAHh

927, 288 EIVEY FopAdse AAAHA #wHe )
32 WAEAdL BFsy]  slste] TBADSO|A  3903], NaDSe
31008 FA-UAE PEse Yy HofW EEE FFEIE
At g3t e e zddlAM d2 Idelth. mF @Ado] Zast
A e 98 nue At HolAn, NaDSERT TBADSHAM &
dol ol ¥WEA  rHFHe] ¢ FaFHIAT olAF BT
AN mthe B4 Eddse o a4gE gnen
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olxtA Ao exgAEA EIFNEY IAREUE 71 EP-g5

93 B Ad4e YAV Qs aBA GHez AXFHA

NaDS 3 TBADSeld Az% "L COS FHE Fr5el
g do WE B T 71AFH
Mo 9% FHE B DS Foied H
sgd ny S7gudM Az EUAAE FFol © 2RYe=E
AdEg o=1 glen, Na, TMA, TEA, TBA £AM2 Fol2d
waare] Zvge] we #SAE wed 2 AN E F& @
At

2@g e wE IFALL FAAII AskA Z g 3] & —Na-
fion ®%wE2 NaDS == NaClo, FHaAAAN Azt &34
=42 zAE AL Zg9&-Nafion ZFLEC] g ¥ e Y
sad wed, 744 BolUd 4L Jedginh olH¥® 2

(i

23 @S9 Nafiono] sulfate Seoj&ol BATHo=Z AgHo 3l
ooz wTR-gwPA Lojed o HANE FH HE A3
gz FEPoz wMA vex RHL A ATEI Na <9l
2o oax FAAH FAel HZ WEeIH.

vy d@dy dux UEE ke NaDSg TBACA &
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