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The dcvclopmcnt of a novel conducting polymer based system for usc in
clcctrochcmical capacitors is dcscribcd. This systcm utilizes a ncw
conducting polymer, poly-3-(4-fluorophcny l)-thiophcnc (PFIT), that can
k rcvcrslhly n- and p-dopc~ to high charge density. The clccmchcmicid
n-dupability of this material can hc further improved by cycling in
acctonitilc solution that contains a rww ckctrolytc, tctramcthyknmonium
trifluoromcthancstdf ormtc (Mc4NCF,SOJ. Wc discuss the.sc improvcmcrws
in n-dopahilily in terms of potcntiid cktronic and stcric irdlucnccs. Wc
hclicvc Ihut the suhstitucnt fluorophcnyl group dms not communicaw with
Ihc poly(hiophcnc hackhmw through rcsonancc, and conclude LM Ihc
ability 10 n-tlopc PFPT to high charge density may occur M a rcsull of
electron [ransl-cr reactions from the conducting polymer backhorw into the
substitucnt. This ncw system (or clcctrochcmicid cqmcimrs provides the
hcst achicvabk pcrf(mnancc from conducting polymers and gcncratcs high
energy and p~)wcr densities ihiit m comparable with rwhlc mcul oxide
systems, potcntiidly UIa fraction t~fthe cost.
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proccsscs can be performed chemically or clccuochcmically, and the area is well
reviewed [6,7]. Because no electron transfer reaction takes place, and in most Ca.w-snor
do any phase transformations, the impedances which arc associated with dc)ping of
conducting polymcm can be small, and these am most often attributed to tic rate limiting
transpoti of counter ions through the micro- and nano-strucmre of tic polymeric material
[8]. Such low impedances make conducting polymers suitahlc materials for high power
applications.

AL the 182nd Meeting of The Elcarochernical Soci~ty (Toronto, Fall 1992), wc
discussed two schemes by which conductin~ polymers can be used in clcctrochcmical
capacitors. In the Type 1 scheme, the same p-dopahlc conducting polymer (e.g.
polypyrrolc, polyanilinc, polythiophcnc) is used at both clcctrodcs and previously
reported conducting polymer based clcctrochcmical capacitors have Iwcn fatwicatcd
according to his schcmc [3,4]. When the Type I capacitor is charged, onc of the polymer
ckxtrodcs is in iLs fully p-doped state, while tic olhcr is in its insulating, undqwd state.
The CCI1wdtagc is typically about I V. As the capacitor is discharged the p-doped tllm
dcdopcs and the undopcd film dopes, until both films are half-doped when the CCII
voltage is zero. In our Type 11schcmc, two different p-dopahlc conducting polymers arc
u.u’d, onc at each clcctrodc. Ilc two materials arc chosen by virtue of the different
elect.rochcmica.l potential wngcs over which they do~ and dcdope (e.g. polypyrrolc with
polyanilinc or pdythiophcrw). In this way the voltage (up to about 1.5 V) and charge
density of t,hc device arc incrca,scd over Type 1, and the resulting energy density is much
improved.

In this ,,aper wc dc.scrihc a third .schcmc for clectrochcmi~ d capacitors which
irnprovcs Iurthcr on Type 11. in the Type III clcctrochcmiual capacitor, the clcclrodc
autivc miitcrial is a conducing ptdymcr which can hc tioth n- and p-doped. Thus, when
the capacitor is charged, onc of the polyrncr clcctrodcs is in iLs p-dopw.i stale und the
(~lhcr is in its n-doped state, As the capacitor is di,scha.qyd. both fi Ims dcdopc tind both
arc in their undopcd, insulating stmc when the CCIIvoltage machcs wro. “IIw cell w~l[agc
~d’o charged tylw Ill capacitor (akmt 3 V) is higher than either Ty~ 1 or II, and wc will
shtlw how this translates into a fui~hcr improvcn]~.nt in energy density. I“hc Type Ill
cdpiicih)r hns LWOadded advantages ovwr Types 1 and Il. Firstly, when Type I tind II
capacium arc chaqwd. ~mc of lhc clwtrodc Iilms is in its undopd, insulating SM(Cand
Ibis is Iikcly [o significantly diminish the instimtancous power density of lhc dcvicu. “l’his
si[uatitm is not cxpm-icnccd in the Type Ill sy,stcm. Sccomlly [hc chtiructcrislics ()(
discharge 1)1a “r)pc Ill dcviuc tire similar to that ()( u huttcry in lhtit uII the charge is
r~’lcwsd ~t high w}ltagc (typicfilly hctwccn 2 V and 3 V). In this wiIy there is n~}
rl’dilnd:m( chqc in the dcvicc that is twing s(tmnl ii[ I(W) Il)w ti vt]l[iig~h[t) Iw u.wful [() [hr
pw[i~.ulw applicmi(m (c.g, U)drive the mtmw In w) Clcc”[riuvchi~’lc).



suitable material for clcctrochcmical capacitors because much more reversible n- doping
can be achieved [ 15- 18j. Howcvt!r the ;Mity to n-dope polythiophcne diminishes rapitlly
with polymer films thicker than 1 pm. For energy storage applications, thicker films than
1 pm are needed, and this was recognimd in the polythiophene battery paper of Kw-teto
[9]. The presence of a phenyl group in the 3-positio~ of the thlophenc monomer has been
reported to improve the ability to n-dope the resulting polymer over pclythiophenc [ 19]
Thcrcforc wc sought to investigate this phenomenon more closely ,and syiitht;sizcd otl-wr
3-arylthiophenes in order to achicvc the best n-doping. In this way wc hoped to identify a
suitable conducting polymer mat.trial for a Type 111capacitor.

of kcy irriporlanc~ to the tahrication of conducting polymer clcctrodcs f(w
dcctrochemic”d capacitors, is to allow easy cktrolytc access to the maximum volume 01
polymer material. To this aim, a planar film clcctrodc is not well suited btxausc
clcctrolytc access to parts ~~fthe Illm beuorncs mow diillcult as the tllm is thickcrwd. At
very thick polymer films (>?0 pm) this is cxpcctcd to Icad tt~ cxccssivcly high
impcckmxs associated with charging and discharging, and as a result diminish wx-xxsihlc
pt~wcr densities. Wc have dcvclopcd J m-w tcchniquc for ch.xtrodc Pdhricali(m, which
permits much easier clccwoly(c access to a large volume of conducting polymer. The
conducting pfilyrncr is clcctrodepositcd, by gtilvunostatic oxidation of the moru}mcr, ,mt~j
:1 lightweight ilhrous ~-arbon paper support. In this way the polyrncr forms into shctiths
(currently the optimum thickness of the sheath is 10 pm) uround the individwd carh{m
fihrs (8 pm). Hcncc, the mass of polymer pcr gcornctric .squm! cm cin k incrciwd, by
incma. sirrgthe thickrwss ~~fthe carixm paper, without chunging the mtiximum disttincc (JI
ionic pcnctrati(m through the polyrncr, rcquinxi f(w complctc polyrncr doping ( 10 Jim).
Wc f~)und thtit diflcrcnt p(~lyrm:r muter-i;ds gm~w(into ttic cartxm papers in dill”cwnt w:iys.
“rhis can i-w seen in the stunning clcctr(m micrographs in i;igurc 1, ()[ ciuhm yipcr
clcctr(dus with polypyrridt and pt)lybid~i~)phcnc, The.sc pic’turus were tukcn tit rlt’ctr(xks
which hid been hr~)kcn tiftcr p(;!yrncr grt~wih t~~rcvul the inner ctir}xm filwgrs,



rcfmcnce compartment was separated from the working SOIL on by a porous glass plug.
All electrode potentials quoted in this paper are with respect to the Ag/Ag+ ehxtrode.

All electrochemical experiments were performed in a controlled argon atmosphere
glove box. Cyclic voltammograms were iR corrected by the PAR 273 potcntiostat.
Acetonitrile (Sure-Seal, <50 ppm water) was used as solvent throughout. Three
tetraalkylammonium salts were used in this work. Et4N13Ft and ~ufNPF6 were
recrystalliz~d f.w times from acetone and ethanol-water respxtively. MC4NCFJS03 is a
new electrolyte chcscn specifically for this work. MC4NCFJSO) was synthesized by
titrating an aqueous solution of tetramethylammo nium hydroxide with
trifluorornethanesulfonic acid until the pH just passes below 7. The water and small
amount of excess acid were removed by evaporation. The crude salt was first dissolved in
acctorw and the residue filtered off, followed by four recrystallization from acctone-
hcxanc. The melting point of the white solid was 383-384°C and elemental analysis
supported the calculated empirical contmt of the material: element- {talc.llobsvd. ): C-
{26.91% 1126.87%); H-{5.42% 115.13%}; N-{6.28% 116.17%}; F-{25.53% i124.l%]; S-
{ 14,3% II14,55%}. The aryl substituted thiophencs were prepared according to literature
procedures )Piaa ri!ckcl-catalymd coupling of 3-bromothiophcnc with the appropriate aryl
ma,gncsium h-omidc [20]. Ilc aryl subst; tutcd monomers were typically white solids ~hat
were purified by sublimation, am! J~l L:~,,?iayul satisfactory physical and spectroscopic
propct-tics according to prcviow r:poi.s [ 19,2 1,22]. Pymolc was purified by filtering
through s column of activated aluminij, ml hithiophcnc was u,sed as rwxivcd. All the
chemicals listed above were purcha.scd f’i~m Aldrich in the purest available grtidc.
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systcm on that of the polythiophene backbone. This would be expected to shift t-he
potentials for both p- and n-doping to more positive potentials. The simplest alternative
explanation is [hat steric influences arc the cause. In this way the phenyl group might
push adjacent polyrtwr chains apart allowing easier access through the polymer for dopa.nt
cations. We thercfolc chose to test poly-~-(p-tolylthiophcne) (PIT) and poly-3-(4-r-
hutylphcnyl)-thiophene (PBFT), to sec if the addition of further stcrically demanding
groups would continue the improvement. The testing of the.sc two materials is particularly
useful in this regard as the effect of the added alkyl groups can he assumed to have
negligible effect on the electronic properties of the conducting backbone. There was Iittlc
difference in tlm n-doping and dcdoping behavior of either FIT or PBPT, with respccl to
PPT.

Ilc two other 3-arylthiophencs wc tested were chosen for possible electronic
effects. Stw-ically, poly-3-(4-fluorophcny l)-thiophcnc (PFPT) and poly-3-(4-trifl uoro -
r-rmhylphenyl)-thiophenc (P1’FMPT) can be expected to be very similar to Pm and ITT
rcspcctivcly, as the physical size of -F is similar to -H. Both -F and -CFJ arc strongly
electron withdrawing inductively, although -F is electron donating through rtwmancc
[23]. llm clcctrochcmical behavior of PFIT and PTFM~ were significantly different,
tioth wit4 respect to each other, and with respect to PPT. PTFMPT displayed a positive
shift in the peak I,otcntials for both n- and p- doping of about 200 mV over PTT’.
However this material also exhibited a very significant dcgrcc of “charge-trapping”.
Charge-trapping refers to a propmtion of the doping charge (n-, p- or both) that is no~
rclcascd during t.lw sulwcqucnt dcdoping sweep, but remains ‘trapped’ in the rriatcrial as
the potential is scanned through the insulating region of the voltammograrn. This
phenomenon is okcrvcd Iwcau.sc as LIWmaterial undopcs, regions of doped material
kcornc isolated from the msl of the clcctrmic by regions O( undopcd, insulating polymer.
(’hqw-trapping has hum rcportml and di.scus,sed for polythiophcrw and other n-dopahlc
c(mduc[ing polymer clcctrodcs [ 17.24], in our cxpcrimcnts, wc ob.wrwd sornc clcgrcc of’
charge-trtipping in all the polythi(]l~hcnc-b~wd matcrinls wc tested, however none wurc i~t

lhr sumc dcgru as PTFMPT. Wc hitvc di.scu.ssu.i charge trapping in twr syslcm.s in mtwc
dclail clsrwhcm [251.



positions for p- and n-doping of IT, PPT and Pm are very similar, but nol why the
charges associated with n-doping am so diffment.

We propose that the improvements in n-doping we have observed are seen as a
result of electron trartsfcr reaction from the pdythiophene backbone into the substitucnt
aryl group. According to this theory, PFPT is better than PPT because it is ea.. ier to
reduce fluorophcnyl than phenyl. Some amount of charge could still be transferred to the
phenyl groups in PPT over the potential range where the polythiophcne backhonc
n-dopes, and this would explain the improvement in PET over ~. If this theory is cormxt
then it could also explair, the high degree of charge-trapping obsrved with PTFMPT.
Assuming LIWreduction potential for tri.fluoromethy lphenyl (TFMP) is mom positive than
that for fluorophcnyl, then charge-trapping at PTFMPT would occur because a large
proportion of the reduced TFMP groups remain as such wnen the polythiophww
backbone kwcomes undopcd and insulating. In this way the reduced TFMP groups arc
electronically isolated from the current collector when the voltage is swept passed their
oxidation potential, so they can only oxidiz~ when the polythiophenc hackbonc becomes
conducting again, in the early stages of p-doping. In possible support of the theory
dmcrihcd ahovc, the group of Roncali have reported the n-doping of polythiophcncs
where diffcrcrrt a.ryl groups were attached to the thiophcne monomer at the 3-position, via
a -(CZH4)-O-(CH2)- ether linkage [26]. The saturated linking group completely isolates
the my] group clct ~,ronically from the polythiophenc backbone, and yet the.sc authors
rcpcwt improved n.doping when fluorophcrryl was the attached group, relative to that
whcrr the group WM phcnyl. It should hc noted that the authors propose that structural
und/or morphological diffcrcnccs explain their oimcrvalioris, however ~hcrc is no
suppming cvidcncc for this. Funhcr ~’xpcrimcnLs are nccdcd in support of either of thwc
Views.



improvement we have achieved over this system, by comparing the ratio cf n-dcdoping to
p-dedoping charges for PPT in 1 mol/dm3 Et. NBF,, PFPT in 1 moUdm3 Et4NBF4 and
PFPT in 1 rrmUdmJ Me4NCF3S03, as a function of polymer growth charge.

We performed constant current discharge expe@ents betweerl two conducting
polymer electrodes, in order to calculate the energy densnies cotnsponding to our three
schemes for electrochemical capacitors. For the Type I capacitor we tested two electrodes
containing polypyrro]e (PPy); for the Type 11capacitor we tested one electrode of PPy
with one of polybithiophene (_PBT); for the Type Ill capacitor we tested two elmtrodcs of
PFPT. To aide comparison, all experiments were prfonncd in 1 moUdm3 MC4NCFJSOI
in acetonitrile. The films of PPy and PFPT were polymerized at a growth charge of
20 C/crn~” the growth charge corresponding to the film of PBT was 15 C/cmz. as this
produced ‘a film which p-doped to approximately the same charge as the PPy electrode. In
our Type 11ex~riment, we chose to elect.ropolymerim bithiophene ralhcr than thiophtmc,
because the high potentials required for oxidation of f.he latter have been reported to
ovcroxidim the resulting polymer [ 17,18]. The discharge curves for dw three cxpcrirnents
arc prcsemcd in Figure 5, for a coustam current of 200 vA. The area under tlm.se curves
rcprc.scnts the energy of discharge (as E “1= I Vdt in a constant current cxpcrimcnt), The
improvcrncnts from Type 110 Type 11to Type 111are evident. This is ~wtfirrncd in Table
2, which displays t.hc va.lucs of charge and energy density calculated from t-hcsc results.

Wc have hccn able to show how the n-dupability of polythiophcrte can bc
improvw.1 by aryl substitution of the thiophcnc monomer in the 3-position. This
imp-r-wcmcnt is the most significant when the aryl suhsti[ucnt is p- fluorophcnyl. The
rwsons for the improvement remain unclear. Alf.bough stcnc factorx may he arc invrrlvcd,
th~’.wcannot fully explain the (Jiffcrcnt clcctrochcmical characteristics wc have rcportx!.
Ba,wd on our rcsulLs, wc propc.sc kit the n-doping charge dcrrsity at PFPT is higher than
tit PIW hccau.w the iluorophcnyl sutrstitucnt in PFIT is more easily mduccd, try chxtrrrn
trwrsfrr from the polythiophcnc htckbotm, than the phcnyl substitucnt in PPT. In this
way, the polyrncr marmial is acting like a rcdox polymer, with Iocaliml rcdnx active sites
;lit~chcd to the polyrncr Imckborw. The tihility to rcvcrsildy n-dope PF~ at thick films
i> 10 pm) tt) the silmc charge r.icnsity as p-doping (approx. I clcxtr[m pcr 4 m(morncrs) is
un impressive ifnprovcmcnt on previous reports. For clcctrochcrnical capacitors.
19 Wh/kg I)( w:tivc mamrial is a cxucllcnt value. in view of the DOE goal for thc,sc
dcviccs in application to electric vchiclcs (5 Wh/kg of dcvicc) 1291. of the previously
dt.~crihcd all-conducting-pt~lyihcr Imucrics and capacitors, only lhc ptdyticclylcnc and
poly[hiophcnc” batlcrics impr(}v~ on ~his energy dcnsily [9. 121, tl(~[h of tht:.w; systems
rcquir~ ~htit the potymcr films arc very thin, ,wd the p)lyticctylrnc ha~wry JISU su(fcrs
(rllm p~~t)rwvcrsihility and uyclc Iilc. Wc huvc prcvl(msly shown that the ~ntiripatud
pow~’r density for a d~”vi~.cm;idc fr~}m (wr systcm t)t P};PT/cmarh(m paper in I m{)l/dm\
MC,N(”I; A( ), in ticcl[mitrilc, is A) signiliuantly in cxccw [d’currrnl lXN\ gt);ils I.N)I.
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!kdMituent Monomer Name Polymer

x Acronym

. Fjmole PPy

. thiopilene PT

H bithiophene PBT

CH3 3-phenyhhiophene PPT

C(CH3)3 3-@toiylthiophene) PTT

F 3-(4-#-butylphenyl)-thiophene PBPT

CFS 3-(4- f!uorophenyl}thiophene PFFT

3-(4-trifluoromethy iphenyl)- PTFMPT
thiophene

LB

~: The different monomers, and the acronyms used for the corresponding
polymers investigated ili this work, including those based on p-substituted 3-
phcnylthiophene (general moiwular structure shown).

Scheme
I

voltage

I v

111
I

3.1

Charge Density I Energy Qensity

a c/cm2 b Cig 8 Jkm2 b JJg b Vwkg

1.2 86 0.545 41 .U

2.2 120 1.9 1(M) ~

1.3 52 3.5 140 D

I’AIIL~Li: (’h:w~c and energy dcnsi(ics (~htaincd in cxpcrirncn~s on the three schcmcs



a)

b)

I-lopIn+

~: Scannin} ~’lcct.ronmicr[~graphs at the hrokcn edge of J 75 pm thick carb(m
paper clcctrodc (inner (ihrils), which is the suhstratc to clcctrodcpos!tcd Iaycrs (outer
shcuhs) of a) polypyrrolc and b) polyhithiophcrw. The conducting polymer iilms were
grown at constant current onlo the carbon paper out of ().1 mol/dm ) mormmcr, 1 mol/dm ~
MC4NCFIS01 in aucionitrilc. The polymer grow[h charges were 20 C/cm] I“tw the
ptdypyrrolc clccmxh: and 15 C/cmz for the polyhithiophcnc clccu(xlc.
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~: Cyclic voit.ammograms at 25 mV/s for films of IT (thin full line), PPT
(dashed line) and WPT (thick full line), in 1 mol/dm3 Et4!UBF. in acetonitrile. The
~olymer film”s were grown galvanostzttically onto 1.0 cmz x 75 p-n carbon pa~r at 2 mA
for 3,(M)0seconds (IT) m 2,000 seconds (PPT and PITT), out of 0.1 mol/dm3 monomer,
1 mol/dm3 EtJNBF. in acctonitrile.
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.
~J: {.yclic vt}ltamm:yams a~ 25 mV/s for a film of PITT in I .( I mol/dm’
Mc,NCF,S(), in wx%mitrilc (thick line) ml in 1.() md/dm 1 Bu4NPFfi in ucct(mitrilc (Lhin
lint). ‘Ilw PFFI” Iilm WLSgrown gidvant}stolically ontt~ 1.() cm~ x 75 ~lm carbon ppcr ul
2 mA for 4,(MH) .suonds (w[ O( J solution (i (). I moUdm” FIW, I mollt!rn’ ML:4N(’I:J( )1 in
ilccl(~nitrilc.
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~q: ~eim~rt~vemenE inn-dopability, memureda stheratioo fn-dedoping
chtarge to p-dcdoping charge in a 50 mV/s cyclic voltammogran, for different polymer
thicknesses of (i) PPT in 1 mol/dm~ ELNBF4 in acetonitrile (circles): (ii) PFPT in 1
moi/dm J E~NBF4 in acetonitilt: (triangle-); and (iii) PFPT in 1 mol/dm J Me4NCFJSOl ‘,I}
acetonitrile (squares); In each of the three cases, at a given polymer growth charge, the p
dcdoping charges UC approximately the same.
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