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Recently, there has been a growing mterest m semiconductmg polymers 
as electrodes m rechargeable lithium batteries. A number of polymers have 
been proposed for this important application. The impact these new elec- 
trode materials have on hthmm battery technology, however, has not yet 
been fully ascertained. In an attempt to clarify this aspect, we have exam- 
ined the electrochemical behaviour of some of the most promismg semicon- 
ductmg polymers, namely, polyacetylene, polythiophene, polydithienothio- 
phene and polypyrrole. 

Introduction 

Much attention has been devoted, recently, to the possibility of usmg 
conducting polymers as electrodes m advanced, high-energy batteries and 
several polymeric materials have been proposed for this use. Various polymers 
can be oxidized or reduced electrochemically by polarizations m suitable 
cells: m this way, the charge which is removed from, or mJected into, the 
polymeric chams, IS balanced by a negative (or positive) countenon from 
the electrolytic solution. Figure 1 illustrates some schemes of oxidation and 
reduction processes related to common polymer electrodes, z e , polyacetylene 
(PA), polypyrrole (PPy) and polythiophene (PT). 

The electrochemical processes of Fig. 1 are often referred to as ‘dopmg’ 
processes, either of p-type or of n-type, by a direct use of the common 
semiconductor termmology. The electromc processes which are involved m 
the case of organic polymers, however, are quite different from those con- 
cerning classical semiconductors, and thus the term ‘dopmg’ may be some- 
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Fig 1 Schemes of the electrochemlcalredox processes ofpolyacetylene,polypyrrole and 
polythlophene 

what mlsleadmg [ 11. Processes of the type illustrated m Fig. 1 may be more 
correctly classified as redox reactions [l] rather than dopmg reactions. 

These redox reactions are generally reversible and this, m principle, 
allows the use of the polymers as electrodes, either posltlve (oxldatlon 
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reaction) or negative (reduction), m battenes and related electrochemical 
devices. To be effective, however, apphcatlons of this type require that the 
electrochemical redox processes fulfill the followmg requirements: (1) fast 
kmetlcs (to ensure high rates), (11) reverslblllty (for high coulomblc effl- 
clency); (in) cyclablhty; (iv) stablhty (to provide a long shelf-life), (v) high 
energy dens&y (to be competltlve). 

In this paper we examme the electrochemical behavlour of some com- 
mon polymers, I e , PA, PPy, PT and polydlthlenothlophene (PDTT), m 
respect of the above listed requvements m an attempt to assess their possible 
effectiveness m rechargeable hthmm batteries. This analysis IS based on 
results obtamed with cychc voltammetry (CV), frequency response analysis 
(FRA), charge-discharge (C-D) cycles and absorption spectra (AS). 

Experimental 

The chemical and the electrochemical syntheses of the polymer sam- 
ples, as well as the preparation of the electrolytic solutions and of the elec- 
trochemical cells, have been desclnbed m detail previously, [ 2 - 81. 

Results and dlscusslon 

Polyacetylene 
Figure 2 shows the repetitive CV of the oxldatlon process of PA m 

hthmm perchlorate-propylene carbonate (1 M LlClO,-PC) electrolyte: 

PA + nC10, = PA(ClO& + ne (1) 

The trend of the curves m Fig. 2 mdlcates that the process is limited 
by poor cyclablhty and by low efficiency; the cycles are not reproducible 
and the shape of the curves deteriorates upon cyclmg. Furthermore, the PA 
electrodes are not stable, showing self-discharge upon storage m the orgamc 
electrolyte (Fig. 3) [2, 51. 

These kmetlc and stability hmltatlons may be explamed on the basis 
of a slow dlffuwon of the ClO, countenon from the bulk of the polymer 
to the interface [ 4,9, lo]. only those counterlons which are m the prox- 
lmlty of the surface of the polymer electrode are easily exchanged. This 
induces a low charge-discharge efficiency, which decreases when the elec- 
trode IS stored m its charged state, thereby allowing the diffusion of a 
progressively mcreasmg number of counterlons from the surface to the bulk 
of the polymer [ 41. 

This mterpretatlon, based on dlffuslon-controlled kinetics, is, m part, 
confirmed by the Warburg-type behavlour at low frequency, shown by the 
FRA of a PA(C104)0.01 electrode (Fig. 4). Effectively, the diffusion coef- 
ficient of X- counterlons (e-g , X- = ClO,, BF,, . . .) has been reported to 
be very low, rangmg between lo-l8 and lo-l5 cm* s-l at room temperature 
r11,w 
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Fig 2 Repetltlve cychc voltammetry 
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Fig 3 Changes of charge-dwcharge effxlency of a PA(ClO& electrode US time of 
storage (m the charged state) m the LlC104-PC electrolyte [ 21 Ll counter electrode 

In conclusion, the slow diffusion of the counterlon X- seems to limit 
the kmetlcs of the electrochemical process of PA and thus its possible ap- 
phcatlon as a positive electrode m high-rate, hthmm batteries 
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Fig 4 Impedance plot of a PA(ClO& c1 electrode after storage m the LlClOq-PC elec- 
trolyte for 14 h [4] Ll counter electrode 

With regard to the energetic content, one has to consider that, m gen- 
eral, the energy density of polymer electrodes is directly related to the 
extent of the oxidation reaction or, as commonly referred to, to the ‘dopmg 
level’ n The higher the value of n the higher the capacity and, thus, the 
energy density. 

In the case of PA(ClO& electrodes, the maximum values of n range 
around 10% (per CH unit) and this limits the theoretical capacity to 78 A h 
kg-’ and, assummg an averagmg operatmg voltage of 3 V, the theoretical 
energy density to 230 W h kg-‘, based on the weight of active materials 
only. 

A similar situation apphes for the reduction process of PA, even if 
slightly faster kmetics and better revernbihty are observed [13,14], due to 
the fact that the diffusion m the polymer of the M+ counterion (here Li+, 
see Fig. 1) is slightly higher than that of X-. 

Polythlophene and polydlthaenothlophene 
Figure 5 illustrates the CV of the oxidation process of polythiophene 

(PT) m LiClO,-PC, DME (DME: dlmethoxyethane): 

PT + nClO,+- = PT(C104), + ne (2) 

The anodic and cathodic cycles have similar shape and the integrated 
charge under the oxidation waves, Q,, is very smnlar to that under the reduc- 
tion wave, reflectmg a coulombic efficiency, q, which approaches 100%. 

Very fast kinetics and good cyclabihty are also shown by PDTT [61, 
which is characterized by the followmg oxidation process: 

PDTT + nCl0, = PDTT(ClO& + ne (3) 
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Fig 5 Cychc voltammogram under steady state condltlons of a PT electrode m the 
kC10~-PC, DME solution [ 71 Scan rate 50 mV s-l LI counter electrode 
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Fig 6 Charge-discharge cycles of a k/LK104-PC/PDTT(ClO& cell at room temper- 
ature [S] 

These results mdlcate that throphene-based electrodes are not affected 
by those drffuslon problems whrch hmrt the kmetrcs of PA electrodes [ 6, 71. 
Indeed, good C-D cycling behavrour is obtamed for an LI/LICIO~-PC/PDTT 
(ClO&, cell (Fig. 6) 

PT and PDTT electrodes, however, suffer self-discharge problems whrch 
induce a raprd loss of electrochemrcal activity when stored m the charged 
state m the organic electrolyte. This 1s clearly shown by Fig 7 which gives 
the absorption spectra of a PT(ClO,), film deposrted on an SnO,-coated 
glass substrate The spectrum of a freshly charged electrode shows the 
typical bands of the ‘doped’ state Upon storage m the LrCIO,-PC elec- 
trolyte: the spectrum progressively changes (see curve 3), to reveal finally 
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F1g 7 In srtu absorbance spectra of the PT(C10&/Sn02 electrode (r = 6 X lo-’ th1o- 
phene mole/cm2) 1n PC-L1ClO4 1, ‘undoped’ electrode, 2, lmmed1ately after charge 
(doping level 0 16 per thlophene ring), 3, after storage 1n the L1C104-PC electrolyte 
for 70 mln, 4, after storage for 17 h, 5, electrochemlcally regenerated doped electrode 
(n = 0 16), lmmedlately after charge 

only the band of the ‘undoped’ state (see curve 4). This selfdischarge 
process is not accompanied by an irreversible polymer degradation, since the 
charged (doped) state may be fully regenerated by an electrochemical step 
(see curve 5). 

It is difficult to explam the mechanism of the self-discharge process, 
since the reduction (undopmg) of the electrode must be accompanied by 
an oxidation process whose nature is still unknown. One hypothesis is that 
the oxidation process may mvolve the solvent and/or impurities m the 
electrolyte solution [ 61. 

PDTT electrodes have an attractive capacity content, smce the ‘dopmg 
level’ may be extended up to 50% (per thiophene ring). The applicability of 
this conductive polymer, however, appears to be subordmate to the solution 
of the self-discharge phenomena. 

Polypyrrole 
Figure 8 shows the CV of the oxidation process of PPy m the LiClO,- 

PC electrolyte: 

PPy + nCl0, = PPy(ClO& + ne (4) 

Under steady state conditions, the electrode may be cycled many times 
with a coulombic efficiency which approaches 100% [ 81. Therefore, the 
kinetics of the PPy electrode also appear faster than those of PA electrodes. 
The frequency response (Fig. 9), however, reveals a Warburg behaviour at 
low frequency, which would mdicate that, under extreme conditions, the 
performance of the PPy electrodes may also be affected by the diffusion of 
the Cl04 counterions withm the bulk of the polymer. The faster kmetics 
and higher reversibility shown by the CV curves, however, mdicate that the 
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Fig 8 Repetltwe cychc voltammetry of a PPy electrode m the LK!104-PC electrolyte 
[ 81 Scan rate 50 mV s-l Ll counter electrode 
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Fig 9 Impedance plot of the PPy(ClO& electrode m the LIC~O~-PC electrolyte [8] LI 
counter electrode 
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F1g 10 Cycling charge-dmharge efflclency of a k/L1Cl04-PC/PPy( ClO4), cell [ 8 I 

diffusion of ClO, is faster m PPy than m PA. Good cyclmg behaviour is 
obtamed by Li/LiCIOQ-PC/PPy(ClO& cells, as illustrated by Fig. 10 which 
gives the values of charge-discharge coulombic efficiency obtamed upon 
cycling. 

Absorption spectra of PPy(ClOJ, electrodes m contact with the 
orgatuc electrolyte [ 151 reveal that the extent of the self-discharge is much 
less m these electrodes than m other polymers (z e., limited to approximately 
25% of the total stored charge). 

PPy electrodes also appear more promismg m terms of specific capacity 
since they are characterized by ‘dopmg levels’ which may reach 33% (per 
pyrrole ring) [ 10,161. 

Conclusion 

In conclusion, it now appears possible to obtain polymers characterized 
by fast and reversible electrochemical dopmg processes. Some questions on 
their effective apphcablhty m hthium batteries, however, still remam un- 
solved. One of them is related to the electrochemical stability which, with 
the possible exception of PPy , seems to be a drawback common to all polymers 
m their doped state. Another point of concern is the energy content, which 
is directly related to the doping level achievable with the electrochemical 
processes. At the moment, all of these aspects make it improbable that 
there will be a successful utilization of conductive polymers as electrodes 
for high-rate, long-hfe hthmm batteries. 

The field is still very young, however, and new types of conductive 
polymer electrodes are bemg contmuously characterized and proposed for 
electrochemical apphcations. Among the most recent examples are poly- 
phenylene [14] and polyarulme [17]. Therefore, a breakthrough in this 
important sector of battery technology may be achieved m the near future. 
This may not necessarily be directed towards high-energy devices but to 
more specific apphcations where the unique properties of the polymeric 
materials may be adequately exploited. 
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