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ABSTRACT 

The work contained within this document discusses the polymerization and 

subsequent characterization of polypyrrole based electrodes for lithium batteries. 

Poiypyrrole and polypyrrole/polyethyloxy copolymers were compared and contrasted in an 

attempt to show the superior kinetics of the copolymer electrode. It was found that the 

diffusion of dopant ions across the electrode and electrolyte interface was increased by 

one order of magnitude in the copolymer sample. It was also found that the reversibility 

of the polypyrrole electrode was greater than that of the copolymer electrode. While the 

diffusion coefficient of the copolymer electrode was altered to be comparable to that of 

the transition metal oxide cathodes in production today, the capacity of the copolymer 

material is still too low to be considered as an alternate cathode material in the lithium 

battery industry. 
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Chapter 1 

INTRODUCTION 

At present, emissions from vehicles comprise 34% of the air pollution generated in 

our cities according to the Department of Environmental Quality (Gorman, 1997). As a 

result of this, air quality concerns have prompted legislation limiting vehicular emissions. 

In 1989 the Air Resources Board of California proposed regulations calling for 'zero 

emission vehicles.' In September of 1990 the California legislature enacted a law that 

required 2% of all new vehicles sold in 1998 within the state of California to be zero 

emission vehicles. By the year 2003, 10% of all vehicles sold in California were to be zero 

emission. This figure, for 2003, has been revised to 5% recently. Currently, there are 

29 states with similar laws requiring zero emission vehicles for the next millennium 

(Cairns, 1992). These pressures have driven the rapid development of alternative energy 

sources for an electric vehicle. 

This legislation has paved the way for battery research in America and has already 

led to impressive improvements in secondary battery technology. The work performed, 

thus far, is only in a premature state (with only six fiill years of work since the California 

initiative), however. Battel (1996) has forecast that energy storage will be in the top ten 

most funded research fields through 2010. 

Clearly, existing lead acid batteries are not feasible for powering an electric vehicle 

due to a severely limiting specific energy of 38 Wh/kg. This translates to roughly 
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100 miles per charge, and the total number of cycles has been shown to be only 200. 

Requiring a new battery pack every 20,000 miles will not sell many vehicles. 

Battery structures tend to comprise brittle materials held in place by a rigid case. 

Stacks of tough films would provide for simple processing, light weight because of the 

reduced need for a case and flexibility of shape (Calvert and Huntoon, 1995). The 

possibility of batteries with sheet or jelly roll shapes could be a major benefit to portable 

electronics where the compact weight of the battery severely limits case design. 

The leading contenders for lithium battery cathodes are of inorganic intercalation 

compounds, including titanium disulfide and transition metal oxides (Gabano, 1983). The 

crystalline nature of these materials offer channels through which lithium ions diffuse at a 

relatively rapid rate. Although these electrodes contain heavy elements, they tend to take 

up more ions per unit volume than the polymers so the charge storage efficiency is within 

an order of magnitude with peak storage of polypyrrole at approximately 70 mAh/g and 

C0O2 yielding approximately 140 mAh/g (Dominey, 1996). Cell voltages of conducting 

polymers tend to be quite high when compared to other cathode materials. Figure 1.1 

shows the voltage of lithium batteries using standard cathode materials. Oxide cathodes 

tend to be brittle materials and need some supporting structure which lowers the specific 

energy (Wh/kg) of the battery structure. 

The work presented within this document discusses the electrochemical 

characterization of a new family of polymer electrodes for use in a lithium secondary 

battery environment. Such polymer electrodes would find use due to a much lower 



15 

density with respect to conventional battery electrodes that would be expected to increase 

the energy density (Wh/l) of the resulting battery system. 

Table 1.1 DiSlision Coefficients of Leading Lithium 

Metal Oxides Technique Dg'" cmVs 

LiMn204 Transient (Guyomard and Tarascon, 1992) 10-' 

LiNiOj Impedance (Bruce, 1992) 2x10"' 

LiCoOz Transient (Goodenough, 1981) 
Transient (Kikkawa, 1985) 
Impedance (Goodenough, 1986) 

5x10-' 
5x10"' 
5x10"' 

5.0 

a 4.0 

•B 
• ^ 

hJ 

« 3.0 > 
4> 
CO 
CQ 

> 2.0. 

1.0 

• PVF 
I ̂  PPY 

LLCoO 

Li,NiO, -t'xl^204 
r Spinel 

Li^MnOz 

LixVzOs 

AXiS I 
XixMo02 

Li^WO^ LLcoke 

LiAl 

Lithium Metal 

Figure 1.1 Voltages of various lithium battery cathode materials 
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Chapter 2 

LITERATURE REVIEW 

2.1 Introduction 

This chapter will discuss conductive polymers and the nature of the conduction 

process unique to semiconducting materials. Band gap theory will be introduced and the 

relevance to polypyrrole will be presented. Additionally, the polymerization process of 

polypyrrole will be explained as well as the electrochemical characterization of the 

polymer. Finally, a summary of conducting copolymers and polymer batteries will be 

discussed. 

2.2 Conductive Polymers 

Conductive polymers have been in existence for many years (Berets and Smith, 

1968). These materials exhibit electrical conductivity through the presence of conjugated 

carbon-carbon double bonds. This conjugated bonding sequence supplies the high energy 

electronic states which allow electrons to be easily added or removed from the chains. 

Early interest in these materials was hindered due to the implicit polymer chain stiflBiess 

resulting from the conjugated structure. The stiff nature of these polymers resulted in 

insoluble and infusible powders which were difficult to process. 

In the 1970s, Shirakawa and Ikeda (Berets and Smith 1968; Shirakawa and 

Ikeda, 1971) published a method of polymerizing polyacetylene which resulted in a 
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self-supporting film. The conductivity of the film, however, was quite poor, and the 

material attracted little attention. However, MacDiarmid (Shirakawa et al., 1977) in 1974 

improved the conductivity of the material by treating the polyacetylene with Lewis acids 

or bases. This process increased the conductivity of the films by 13 orders of magnitude. 

Exposing polyacetylene to acids or bases effectively removes or adds electrons to the 

carbon-carbon double bond which serves as the backbone of the polymer chain. Such a 

process is called 'doping' by analogy with silicon technology, however there are some 

important differences which will be discussed shortly. This combination of high 

conductivity and tough polymer films suggested applications in wiring, batteries and 

semiconductors. 

Since the publication of the doping process and the subsequent production of 

conductive polymers, there has been much work in the field resulting ui multiple polymer 

and ion systems. Figure 2.1 shows the most common conductive polymers and the ions 

most commonly used to as a dopant. More exotic dopants are found in the literature 

(Chattaraj and Basumallick, 1993; Ko et al., 1994; Belanger, Laperriere, and Gravel, 

1990; Lee, Hong, and Rhee, 1995). 

2.3 The Conduction Mechanism and the Band Gap 

Band gap theory is a physical model used to describe the state of conduction 

carrier energy. If two atoms approach each other, the atomic core of the first atom exerts 

a force on the second atom's electron. The potential that determines the energy levels of 
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[CH] Polyacetylene L Br, Li Na AsF. 

Polypyrrole 

BF4 CIO4 FeCl, 

HCI Polyaniline 

Polyazulene 

Figure 2.1. The most common conductive polymers and ionic 
dopants. 

this electron is therefore changed. All allowed energy levels for the electron are 

consequently modified due to this change in potential. An energy level, defined as E„, 

may contain at most two electrons of opposite spin, and is associated with each atom. If 

one then assumes a two atom system, and both atoms are brought close together to form 

one system, only two electrons may be associated with an allowed energy state, E„. 

Therefore, band gap theory states that the allowed energy state must split into two levels 



19 

with slightly different energy levels in order to preserve space for the total of four 

electrons. Thus, bringing two atoms close together not only slightly disturbs individual 

atomic energy levels but also splits each of the initial energy levels into two slightly 

separated energy states. 

As more atoms are added to form a crystal, the forces encountered by each 

electron are altered further and additional distortions to the energy level of the electrons 

occur. As in the two atom system, each allowed electron energy level must be slightly 

altered so that many distinct, closely spaced energy levels characterize the crystal. Each 

original atomic energy level of the individual atom is split many times, and each contains 

one level for each atom in the system. As a result of this, a system comprised of n atoms, 

results in n different allowed energy levels, thus forming an energy band with n dififerent 

allowed states. Figure 2.2 shows a graphical representation of a generic band gap model. 

The higher energy bands generally spread over a wider range than do those at 

lower energy. The higher energy levels contain electrons that are not as closely bound to 

the atomic nucleus and are therefore able to wander farther from the atomic core. As the 

electrons wander further from the nucleus, they will encounter other electrons from 

adjacent atomic sites. This electron interaction causes a broadening of the bands with 

higher energy. 

The band gap of a material is defined as the difference between the conduction and 

the valence band. In figure 2.2 E^and correspond to the valence and conduction band. 

The definition of these parameters is as follows: The valence band is the highest band 
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Figure 2.2. Energy level splitting as N gets 
large. 

filled with electrons at absolute 0° K and the conduction band is the energy level that 

electrons require to escape the atomic core and become carriers for conduction. The 

value of the band gap is the quantity of energy that must be applied to an electron in order 

for it to jump to the conduction band where it will be swept away or recombine in the 

valence band. When an electron is excited into the conduction band, it leaves behind a 

'hole' which is thought of as a positive charge that conducts charge by other electrons 

jumping into the hole leaving behind another hole. Therefore, conduction may be thought 

of as the sum of the holes and electrons that have been excited with enough energy to 

contribute to the conduction process, 

a = q[^„n + ^pp] (1) 
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where q is the charge value, n and p are the number of electron and hole carriers and mu is 

the respective carrier's mobility. 

Semiconductors are typically covalently bonded materials with each bond being 

shared in the crystal lattice. The conduction process occurs when energy releases a 

covalently bonded electron. This leaves an electron/hole pair that migrate in the presence 

of an electric field. This is seen in figure 2.3 below. 

I I  ̂  

I I  I  

Figure 2.3. Generation of an electron-hole pair in intrinsic silicon. 

Metals may be assumed to have band gap values (Eg) of very close to zero. This 

indicates that conduction occurs without any energy needed to create electron/hole pairs. 

An insulator typically has a band gap of 5 eV or greater, and a semiconductor will fall 

between these values of 0< Eg<5 eV. 

The discussion, to this point, has assumed a perfect crystal of material having no 

impurities or defects. To investigate the behavior of semiconductors when impurities are 
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added, an additional concept is needed to explain conduction phenomenon. The 

distribution of electrons in crystals in the allowed energy states, and at thermal equilibrium 

may be approximated by the Fermi-Dirac distribution function foCE). The Fermi function 

is given by: 

were Ef is reference energy called the Fermi energy or Fermi level. The Fermi-Dirac 

distributions function describes the probability that an energy state E is filled by and 

electron. Figure 2.4a shows the Fermi function plotted against the energy of states. It can 

be seen from this figure that the Fermi function is unity if the energy level E much lower 

than Ef, indicating that the lower energy states are mostly filled. As the energy level E 

(b) 

ca {l-fD(E)}g(E)i fD(E)g(E) 

^ 
Figure 2.4. (a) Fermi-Dirac distribution function 
describing the probability that an electron is found in 
an allowed energy state, (b) the density of allowed 
statps for an intrinsic semiconductor as a fianction of 
energy, and (c) the product of the distribution 
function and the density-cf states function. 



gets larger, the Fermi function becomes very small, indicating that the high energy levels 

are mostly empty. At absolute zero temperature, all energy states above the Fermi level 

are empty and those below it are filled. 

The Fermi flinction is only a probability and therefore is not sufficient, by itself to 

describe the filled energy states. An application of quantum physics to a given system will 

reveal information about the density of available states as a function of energy. 

Figure 2.4b shows the allowed energy states, g(E) of an intrinsic semiconductor. Using 

the density of allowed states in conjunction with the Fermi function, a distribution of 

electron states may be found and is shown in figure 2.4c. The total density of electrons in 

the conduction band may then be found by multiplying the density-of-states fiinction in the 

conduction band g(E) with the Fermi function and integrating over the allowed energy 

states within the conduction band, thus: 

= /c.D.^D(E)g(E)dE (3) 

The density of holes may be found by multiplying the density-of-states function in 

the valence band by the probability that those states are empty (1 - fo (E)) and integrating 

over the energy values of the valence band. 

Using equations (2) and (3) with some simple additional simplification, the number 

of electrons and holes contributing to the conduction process (free carriers) may be found 

using the relations; 
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and 

p = NyCL 

where n and p are the concentrations free of electrons and holes, N^and N^are materials 

constants called the effective densities of states in the conduction band and valence band 

respectively. 

The conductivity of semiconductor materials may be changed by many orders of 

magnitude by introducing electron donor or acceptor impurities into the crystal lattice. 

This has the effect of respectively raising or lowering the Fermi level from the intrinsic 

value. This is shown in figure 2.5. 
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Figure 2.5 The relative Fermi level in (a) intrinsic, (b) donor doped, and (c) acceptor 
doped silicon. 

The conduction mechanism for doped, or extrinsic, semiconductors is similar to 

that of intrinsic silicon. Doped silicon contains excess holes or electrons through the 

addition of HI (boron) or V (phosphorous) type elements. These materials donate extra 
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charges to the bulk material which migrate as do electron/hole pairs in intrinsic silicon. 

This is seen in figures 2.6 and 2.7. 

Figure 2.6. Electron migration in a donor (V) type semiconductor. 

Figure 2.7. Hole migration in an acceptor (III) type semiconductor. 

The conduction process for polypyrrole is similar to that of doped silicon. The 

presence of a cation or anion reduces or oxidizes the polymer chain. This process fi'ees 

charge carriers from the double pi bond and releases them to allow conduction. This may 

be seen in figure 2.8. Figure 2.8(a) shows the intrinsic polypyrrole chain. If the polymer 

chain is slightly doped, with only a few dopants within the bulk material, a group of four 
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Figure 2.8. (a) Intrinsic poiypyrrole, (b) slightly doped polypyrrole, 
and (c) heavily doped polypyrrole. 

monomer units will surrender an electron from the double bond. The electron/hole pair 

will migrate under an electric field, however, the pair of charge carriers is not totally free 

as is the case in silicon. The polypyrrole chain will contort, over several monomer units, 

to accommodate the charges. This effectively couples the charges within the material over 

several monomer units. The effect of slight doping is shown in figure 2.8(b). The coupled 

electron/hole pair is called a bipolaron. Upon heavy doping the electron/hole pairs are 

permitted to separate over proportionately larger numbers of monomer units until finally, 

the charge carriers are no longer tied together and may contribute to the conduction 

process. Heavily doped polypyrrole is shown in figure 2.8(c). 
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The band structure of polypyrrole is comparable to silicon, however, the coupled 

electron/hole pairs alter the model significantly. The band gap of intrinsic polypyrrole has 

been measured (Scrosati, 1989) at 3.2 eV. The lightly doped material produces bipolarons 

which have also been measured at approximately 0.5 eV above the valence band and 0.5 

volts below the conduction band. As the doping level increases, the bipolaron band begins 

to split until they overlap the conduction and valence band, thus initiating the conduction 

phenomenon. The band gap of polypyrrole is seen in figure 2.9. 

Figure 2.9. (a) Intrinsic polypyrrole, (b) slightly doped polypyrrole and the 
initial production of bipolarons, and (c) heavily doped polypyrrole showing 
the overlapping conduction and valence band with the bipolaron bands. 

2.4 Polymerization of Polypyrrole 

Chemical oxidation of pyrrole to produce polypyrrole has been in existence for 

many years but yields a material that is nonconducting and contains oxygen (Wu, Sly, and 

Ko, 1989; Audebert and Bidan, 1986). The first report of electrochemical production of 

polypyrrole was reported in 1968 (Dall'Olio et al.). Several groups have done more in 
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depth studies into the mechanism of polymerization (Clarke, Clarke, and Street, 1983; 

Diaz, 1981; Otero and Santamaria, 1992) and the polymerization process is shown in 

figure 2.10. 
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Figure 2.10. Proposed mechanism of electrochemical polymerization of 
pyrrole. 
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Electrochemically, the material is polymerized at the surface of a noble electrode, 

submerged into an electrolyte, such as propylene carbonate, containing a devolved salt, 

such as lithium perchlorate. The mechanism of polymerization is generally believed to 

involve the oxidation of the monomer to yield a radical cation, and the oxidation potential 

of the monomer determines whether initiation can occur. The cations will couple to 3deld 

a dimeric dication which produces 21^*^. The oxidation potential of the dimer is slightly 

less than that of the monomer. This enables the process of oxidative coupling to continue. 

The resulting polymer is insoluble in the electrolyte and precipitates on the electrode 

surface where growth will continue until a polymer film is made. The polymerization 

reaction (6) is shown below. 

xPy + xyA' - (Py^'AyJ + 2xH'' + (2+y)xe" (6) 

Because the oxidation potential of the polymer, see figure 2.11, is lower than that of the 

monomer, the polymer is electrochemically oxidized into a conductive state, and is kept 

electrically neutral by the incorporation (self doping) of the electrolyte anion as the dopant 

ion. 

This is considered an essential element to the polymerization process because 

production of a nonconductive film would insulate the electrode substrate and cause the 

reaction to stop. Additionally the polymerization potential of the substrate electrode must 

be kept below one volt vs. SCE (saturated calomel electrode) or the stability of the film 

produced will be compromised (Odegard, Harris, and Skotheim, 1989). 



30 

Polypyrrole 

Pyrrole 
PoIyMe-thiophene 

Polyacetylene 
Polythiophene 

Me-thi^hene 
I Thiophene 

1 ' ' ' T"^ —\ ^i 
0.0 0.5 l.O 1.5 

Volt (V) vs. SCE 

Figure 2.11. Oxidation potentials of common monomers and 
conductive polymers. 

Pyrrole is soluble enough in water to allow aqueous electrolyte polymerization 

(Mengoli et al., 1984). Using an aqueous based electrolyte broadens the range of salts 

that may be used during the polymerization process (Warren and Anderson, 1984; Qian 

and Qiu, 1989). Of particular interest in this work is using large anions such as 

sulphonates, phosphates and phosphonates (Wemet et al., 1984; Wemet, Monkenbucsh, 

andWegner, 1985). These anions are large enough that they become immobilized within 

the bulk of the polymer. It is important to note, however, that polymerization of 

polypyrrole in an aqueous electrolyte should be viewed with caution when electrodes for 

lithium batteries are desired. Water must be driven out of the polymer prior to any 

electrochemical activity as the presence of even minute traces of water are detrimental to 

lithium battery operation (Novak and Vielstich, 1990). 
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2.5 Electrochemical Characterization of Polypyrrole 

The process of making the polymer more conductive involves doping the polymer 

with an ion, thus contributing an electron or hole to the electrical conduction process. It is 

precisely this reversible doping process that makes polypyrrole an ideal electrode material. 

Polypyrrole has been electrochemically characterized for some time now dating as 

far back as 1979 (Diaz, Kanazawa, and Gardini, 1979; Mengoli and Mengoli, 1984). In 

these works, anodic oxidation of pyrrole was performed under a variety of conditions 

which led to materials that could be driven between the oxidized and reduced state. The 

results of these early works showed that polypyrrole could be made to function as a 

secondary lithium battery cathode, using anions as dopants which are reversibly drawn 

from the surrounding electrolyte (Scrosati, Panero, and Prosperi, 1987; Bull, Fu-Ren, and 

Bard, 1982). As with other conducting polymers, polypyrrole can also be reduced by 

doping with lithium ions and inducing a negative charge on the chain. In the case of cation 

doping, the electrode may be reversibly doped with the cation, allowing the electrode to 

be used as an anode. The following reactions have been shown to occur: 

For Perchlorate Charging: 

Ppy + nCl04' - (PpyClO ')"* + ne (7) 

nLi' + ne" - nLi (8) 

For Perchlorate Discharging; 

(PpyClO ')"• + ne * - Ppy + nCl04 (9) 
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nLi - nLi" + ne (10) 

For Lithium Charging: 

Ppy + nLi" + ne" ^ (Ppy)"" + nLi" (II) 

nLi - nLi" + ne (12) 

For Lithium Discharging: 

(Ppy)"" 4- nLi" - Ppy + nLi" + ne' (13) 

nLi" + ne' - nLi (14) 

It is possible to overoxidize polypyrrole while performing the doping reaction (Diaz, 

Kanazawa, and Gardini, 1979) if the voltage of the charging cell is allowed to rise too 

high. This is commonly thought to involve polypyrrole reacting with impurities such as 

OH' within the electrolyte, or even the electrolyte itself. Overoxidation is reported to 

occur at 3.9 volts versus lithium (Novak, Rasch, and Vielstich, 1991). 

A quantitative measure of the electrochemical window of activity may be seen 

using cyclic voltammetry. The literature contains hundreds of cyclic voltammetry scans 

that have been done on polypyrrole (Yeu and Nguyen, 1988; Yeu and Yin, 1991) or 

polypyrrole composites. All of them show some variation on figure 2.12, a cyclic 

voltammetry curve using propylene carbonate at 0.5 M (Novak, Rasch, and Vielstich, 

1991). Of interest to this figure are the oxidation and reduction peaks that occur at 3.1 

and 3.3 volts versus lithium, respectively. In addition the oxidation and reduction areas 

are always nearly equivalent. This shows that the process of taking in and removing 

anions from the electrode is a reversible process. Onset of electrochemical activity begins 
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approxiinately 2.7 volts as seen in figure 2.12, where the slope of the oxidation curve 

begins to increase. 

E 

< 

8 

0.2 ;jm PPy 

Figure 2.12. Cyclic voltammetry for 
polypyrrole using a 10 mV/s scan rate in 
0.5 M propylene carbonate (Novak, Rasch, 
and Vielstich, 1991) - wet... dry. 

Galvanostatic testing has been done by some authors as well (Corradini and 

Mastragostino, 1987; Morita and Komaguchi, 1992; Osaka and Naoi, 1988; Novak and 

Inganas, 1987; Arbizzani and Marinageli, 1993; Slama and Tanguy, 1989). Figure 2.13 

shows the transition from doping to overoxidation at about 4.0 volts vs. lithium. Of these 

groups, some have cycled cells using polypyrrole in propylene carbonate with lithium 

perchlorate as the salt, hundreds of times. The electrode capacities of these cells varies 

from 73 to 33 mAh/g (Yoneyama and Li, 1992; Corradini and Mastragostino, 1987). The 
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capacities of polypyrroie have been shown to vary with the electrolyte composition (Slaraa 

and Tanguy, 1989). Using the system in this work yields approximately from 

60-70 mAh/g. This value was typically calculated from a state of fiill discharge from 

3.7 volts down to 2.5 volts versus lithium. 
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Figure 2.13. Charging curve (100 microamp/cm^) for polypyrroie/ 
0.5 M LiCI04 propylene carbonate/Li (Novak, Rasch, and Vielstich, 1991). 

Open circuit decay studies have been made by several groups (Panero, Prosperi, 

and Scrosati, 1987; Corradini and Mastragostino, 1987). Ions within the polymer 

electrodes tend to drift out of the polymer at pronounced rates of as much as 3% open 

circuit voltage decay per day. This voltage drop corresponds to a self discharge rate of 

approximately I microamp. This effect is not damaging to the electrode, however the 

shelf life of conductive polymers tested in liquid electrolytes, to date, is quite poor. 
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These studies have shown that the approximate loss of electrode capacity is 25% 

over the course of one week, and is credited with the poor performance of batteries made 

using polypyrrole. Figure 2.14 shows the open cirucit decay of a cell, measured by Panero 

et al. (1987). This cell is constructed using Ppy/Pc-LiC104/Li. In this figure it can be seen 

that after approximately 100 hours of being open circuited, the cell reaches a potential of 

approximately 3.4 volts versus lithium. 
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Figure 2.14. Open circuit decay of polypyrrole in a propylene carbonate cell 
(Panero, Prosperi, and Scrosati, 1987). 

Polypyrrole has been found to be affected by moisture contamination (Takamura 

and Kikuchi, 1993). This contamination was discovered during heating post treatment in 

which the authors heated the cathodes in an inert atmosphere. This process was believed 
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to remove excess water vapor present in the sample and resulted in increasing the 

electrode's storage capacity by 30%. 

2.6 Batteiy Components and Operation 

Batteries may be broken down into four distinct components; the anode, cathode, 

electrolyte and current collector. Each component is essential, and absolutely necessary in 

battery development. In addition, each component has specific concerns and functions that 

must be measured to optimize the battery as a whole. Figure 2.15 shows a schematic of a 

generic battery. 
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Figure 2.15. Schematic of a generic battery. 
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2.6.1 Anode 

The anode has two functions in lithium batteries; a source of ions during discharge 

and, during charging, a storage location for active ions. During discharge of the battery, 

the anode will oxidize and function as a source of ions. Conversely, during recharge, ions 

reduce within the anode. 

Lithium is currently receiving tremendous attention as the preferred choice of ion 

due to its extremely high potential (approximately 3 volts vs. SHE). This high voltage 

produces unequaled power densities. Lithium is also a good material for selection due to 

its low density (0.534 g/cc). These two criteria are, arguably, the most desirable features 

in an anode. Batteries using lithium as an anode have been shown to produce extremely 

high energy densities, 130 Wh/kg-290 Wh/1 (Sasakura and Hiruta, 1996). By contrast 

NiCd batteries produce 45 Wh/kg-130 Wh/l (England, 1996). 

Selecting lithium, however, virtually ensures difficulties with some battery 

parameters such as cycleability, safety and processability. There are, however, alternatives 

to lithium anodes. Batteries which utilize lithium ions with no metallic lithium present are 

called rocidng chair batteries. Batteries of this sort must have an alternative anode, which 

will store lithium ions and reversibly cycle the ions into and out of the material. Such 

alternatives must satisfy the following criteria: 

a. low equivalent density, 

b. small free energy change for the insertion reaction with lithium, 

c. high difRisivity of Li*" within anode. 
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d. high reversibility for the insertion reaction, 

e. good electronic conductivity, 

f thermal stability and chemical compatibility with the electrolyte, 

g. ease of fabrication. 

The current leading choice for a lithium battery anode is graphite. Conductive 

polymers are also capable of fimctioning as an anode when the lithium ion is inserted 

within the electrode. 

2.6.2 Electrolyte 

The electrolyte has three functions in lithium battery operation. For all batteries 

the electrolyte separates the anode and cathode and prevents shorting through direct 

contact. If the cathode accepts the same oxidized ionic species that the anode produces, 

the electrolyte simply functions as a means of transport for oxidized ions. If the cathode 

requires a different ionic species during discharge, the electrolyte then additionally serves 

as a reservoir for the active ions (for example ClO'^ in the case of lithium perchlorate in 

propylene carbonate). In the case of the batteries made with conductive polymers, the 

electrolyte serves both of these purposes; providing a path of ionic conduction to and fi^om 

the anode to the cathode as well as a source of anions. 

The parameters of interest in electrolyte development include: 

a. electrode separation thickness (volume of electrolyte), 

b. ionic conductivity. 
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c. thermal stability, 

d. dimensional stability, 

c. an electrochemical stability window of between 0.0 and 4.0 volts, 

d. chemical compatibility with the anode and cathode, 

e. efficiency in cycling of lithium ions at an efficiency of greater than 99%, 

f ease of fabrication. 

2.6.3 Cathode 

The cathode serves as the opposing electrode to the anode (the negative electrode 

on the battery cell). Oxidized ions from the anode arrive at the surface of the cathode via 

the electrolyte. Once there, it is desirable for the ion to diffuse into the bulk of the 

cathode were it is reduced and remains, interstitially, within the bulk of the cathode. It is 

obviously important that the diSiision of the ions through the cathode not be a limiting 

factor. Diffiision coefficients that are too low result in nonuniform ion impregnation. This 

yields to nonuniform cathode swelling, which causes mechanical damage, as well as 

premature cell discharge. A premature cell discharge results when the surface of the 

electrode is saturated with ions effectively lowering the voltage of the cell despite the 

unused capacity within the bulk electrode. 

As the cathode fills with lithium, the potential of the electrode, versus lithium, 

gradually drifts towards zero. The integral under the potential versus charge plot yields 

the energy of the electrode. To arrive at a specific energy or energy density, the above 
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value is divided by the cell or electrode, volume or mass. The cathode requires the 

following characteristics: 

a. reasonable electrical conductivity 

b. high ionic storage 

c. high ionic conductivity 

d. reasonable electrochemical potential versus lithium between l.O and 4.0 volts 

2.6.4 Current Collector 

A means of providing physical support as well as delivering electrons to the 

electrodes must be provided to reduce the ions arriving from the counter electrode. This is 

called the current collector. A current collector should offer: 

a. high electrical conductivity, 

b. not alloy with the ion to be reduced, 

c. corrosion resistant (noble), 

d. provide mechanical support to electrode. 

2.7 Conducting Polymer Battery Background. 

Conducting polymers offer many of the above mentioned criteria for battery 

components including, high electronic conductivity, high ionic storage, an operating 

voltage of between 1.0 and 4.0 volts, chemically inert, good stiffness for mechanical 
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support, low density, high electrochemical reversibility and good thermal stability. Not 

surprisingly, many possible conducting polymer batteries have been proposed. 

The most obvious battery design will use a conductive polymer cathode and a 

lithium anode. When charged, the polymer would be intercalated with anions, such as 

perchlorate. During discharge the anions and lithium ions from the cathode would go into 

solution. The fully-charged potential would be in the region of 3.8 volts. A few groups 

have investigated the feasibility of using polypyrrole and other copolymers as a cathode 

for a lithium battery (Ohtani et al., 1988; Naoi, Ueyama, and Osaka, 1989). These groups 

found that the material performed only satisfactory and suffered from the same problems; 

the batteries suffered from high self discharge during storage, and low power density due 

to the low currents that the polymers could produce. 

Realizing the tendency of the material to self discharge, several authors (Arbizzani 

and Mastrangostino, 1990; Killian et al., 1996; Arbizzani and Mastrangostino, 1990; 

Mengoli, Musiani, and Tomat, 1985) switched electrolyte systems from a liquid organic, 

such as propylene carbonate, to a solid polymer electrolyte, polyethylene oxide (PEO). 

PEO has the effect of reducing the ionic flux through the electrode-electrolyte interface 

due to the decrease in ionic conductivity and thus lowers the current density during 

operation (Gustafsson et al., 1992; Zhang and Wan, 1993). However the problem of self 

discharge is greatly reduced when PEO is used as the electrolyte (Watanabe, Mori, and 

Takahashi, 1989; Novak and Inganas, 1988). 
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An alternative battery design is to to replace the lithium anode with a lithium-

intercalated conductive polymer film as well as use a conductive polymer as the cathode as 

above. This has the disadvantage of extra weight in the anode for a given number of 

lithium ions, thus lowering the energy density, however in so doing, the cycleability would 

increase. This battery design is expected to yield a product that has excellent cycleability, 

efficiency and operational safety at the expense of capacity. The only authors that have 

reported using conductive polymers as both the anode and cathode have used liquid 

electrolytes, and therefore have produced batteries that have poor shelf life due to self 

discharge along with the expected decrease in capacity (Li, Lee, and Ong, 1992; 

Mohammadi, Inganas, and Lundstrom, 1986); Lee, Ong, and Chuah, 1992; Kakuda, 

Momma, and Osaka, 1995). 

A further alternative is to use a lithium anode and lithium-doped polypyrrole 

cathode. During discharge the lithium would transfer to the polypyrrole. In this case the 

potential would be lower, about 1.5 volts, but the weight would be decreased since the 

electrolyte is not required to solvate large quantities of dopant ions. 

An important consideration in cell performance is the rate at which ions can be 

transferred into and out of the electrodes as this will determine how much current can be 

delivered without significant voltage reduction. Although the inorganic materials are hard 

and rigid, ions move quite quickly because they flow through channels (Hosain, 1996). 

Polypyrrole is essentially amourphous and so has no regular paths for ions to follow. As a 

result, the current densities are low due to reduced ionic diffusion. This can be partly 
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corrected by using very thin film electrodes to maximize surface area to volume ratio 

(Osaka and Nakamura, 1989). 

2.8 Polypyrrole Composites and Copolymers 

2.8.1 Composites 

As mentioned above, polypyrrole offers a combination of properties that is unique 

and quite useful. In the battery industry, it is a requirement that the cathode material be 

somewhat conductive to allow for electron migration into the bulk of the electrode. 

Typically, carbon is added to the electrode mix to add conductivity. Using carbon, 

however, requires a significant amount of material to increase the conductivity of the bulk 

electrode (Dahn, 1996) i.e. 10 vvt.%. This adds to the weight of the electrode and thus 

decreases the specific energy (Wh/kg). Alternatively, polypyrrole is added to cathode 

materials in place of carbon. In this capacity the polymer is not electrochemically active, 

but raises the conductivity of the electrode higher using less material (Chaloner and 

Golovin, 1996; Gemeay et al., 1995; Kuwabata et al., 1994). 

Polypyrrole also finds use in applications where it is desired to make polymers 

conductive, without drastically changing the mechanical properties. Several authors have 

made polymer blends of polypyrrole and polymers such as latex. Teflon and PMA (Dufort, 

Levassori, andOImedo, 1991; Lafosse, 1995; Madnal and Mandal, 1996). 

As mentioned previously, a key problem with conductive polymer batteries is the 

low currents that the electrodes must use. This directly translates to the ionic difiusion 
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within the material. Measurements of ion diffusion in polypyrrole give values of the order 

of 10''° cmVsec (Billingham and Calvert, 1989). This would give a relaxation time to 

diffuse ions into or from a 1 micron thick film of 100 seconds. The relaxation rate 

decreases as the size of the ion increases (Billingham and Calvert, 1989). This very slow 

diffusion means that it cannot be assumed that an electrode is uniformly charged but may 

contain internal gradients. In this case an electrode will show recovery or rebound, there 

the potential slowly returns to its original value when held in open circuit after a period of 

discharge. 

In addition, studies of charge and discharge with coupled wieght measurements 

have also shown that discharge of anions often occurs, not just by the loss of anions from 

the electrode, but by diffusion of small cations into the polymer bulk to form some kind of 

embedded ion couple or cluster (Street, 1986). 

Several groups have attacked the slow difflision problem by polymerizing 

polypyrrole onto highly porous substrates. It has been found that by polymerizing the 

conductive polymer onto carbon fibers (Lazzaroni, Dujardin, and Boutiique, 1985; Coffey 

et al., 1995; Nagashima, Yamura, and Ikezawa, 1994) or chemically polymerizing the 

polymer onto fine beads (BCim and Lim, 1996), that the difference in the power densities 

(W/1) is increased due to increased diffusion through the polymer cathode, and 

surprisingly, the capacity of the electrode is increased (3x) due to more dopant being able 

to diffuse out of shorter diffusion lengths (Coffey et al., 1994; Nagashima et al., 1993). 
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2.8.2 Copolymers 

There are a few authors who have published work making copolymers combining 

monomers from the conductive polymer family. In particular, polythiophene (Cha, 1997), 

polyaniline (Osaka and Momma, 1993) and polyazulene (Naoi, Ueyama, and Osaka, 1990) 

have been co-polymerized with polypyrrole. In general it has been found that the starting 

monomer concentrations had to be specially selected to compensate for different 

polymerization rates to arrive at a stoichiometricaly equivalent polymer. In the case of 

polyaniline, the copolymers with polypyrrole had roughly 30% improved diffusion 

coefficient over polypyrrole. 

A few groups have published polypyrrole copolymer results without reporting 

where the functional group is located. The first of these results of reports is poly 

(phenylene oxide pyrrole) (Bansi, Malhotra, and Chandra, 1985) which was the first 

copolymer of polypyrrole made. The remaining two reports used polypyrrole with 

N-methylphenothiazine (Viegas et al., 1992), and tetraaza annulenic nickel (II) (Ricciardi 

and Gelj, 1992). In both of these publications, the authors present CV data and show the 

copolymers as finding possible use as chemical sensor materials through preferential 

anionic doping. These materials, however, do not exhibit as reversible an electrochemical 

activity as polypyrrole. 

The bulk of the copolymers made with polypyrrole occur on the nitrogen atom on 

the monomer unit. Therefore, the remainder of this section will be divided into the 
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functional groups on the nitrogen or any other atomic position. Figure 2.16 shows the 

various locations for functional group placement. 

The bulk of polypyrrole copolymer modification has been done on the nitrogen 

position. Attaching a fiinctional group onto the nitrogen atom is easy to synthesize, 

however the conductivity of all polypyrrole copolymers with some alteration done at the 

nitrogen position results in a significant decrease in electronic conductivity. For example, 

adding a phenyl group to pyrrole decreases the material's conductivity by 5 orders of 

magnitude (Reynolds, Poropatic, and Tyooka, 1987). 

The most commonly reported pyrrole derivative is N-methylpyrrole. Analysis such 

as XPS (Kang et al., 1989), AC impedance (Singh, Narula, and Tandon, 1996), 

electrochemical analysis (Reynolds , Poropatic, and Toyooka, 1987; Adam and Entezami, 

1995; Novak and Vielstich, 1991) and electrical conductivity measurements (Paul, Sarkar, 

and Misra, 1994). An initial solution of 50/50 mixture of the pyrrole and N-methylpyrroIe 

4 3 

H 

Figure 2.16. Possible bonding 
sites on the pyrrole monomer. 

2.8.2.1 Functional Groups on the Nitrogen 
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results in a copolymer with a 5 fold decrease of electrical conductivity. Additionally, the 

oxidation potential of the mixture raises slightly as the percentage of N-methylpyrrole is 

increased. 

Other functional groups attached to the polypyrrole nitrogen atom include 

[Ru(2,2'-bipyridine)2(3-{pyrrole-l-ylmethyl}pyridine)Cl]^ (Ochmanska and Pickup, 1989), 

[3-(pyrrol-l-YL)propanesulfonate] (Reynolds et al., 1988), [Ru(4-(2-pyrrole-l-ylethyl)-4'-

methyl-2,2'-bipyridine)3]"'', 10-propylphenothiazine, 1, r-dipropyl-4,4'-bipyridinium 

(Downard, Surridge, and Meyer, 1988), sulfopropyl (Ehrenbeck and Juttner, 1996), 

nitrophenyl (Velaaque et al., 1985), calix[4]arene (Chen, Gale, and Beer, 1995) and l-(2-

carboxyethyl) (Maeda, Corradi, and Armes, 1995). In general the authors added these 

functional groups to polypyrrole to combine the photochemical or electrochemical 

selectivity of the respective group with the electrical conductivity and rigidity of 

polypyrrole. All of these materials demonstrate unique electrochemical or photochemical 

properties but are not conductive enough to serve as a battery electrode. 

Of particular interest to this work, Arbizzani et al. (1992) has reported enhanced 

ionic mobility in N-alkoxy substituted pyrroles. Unfortunately this substitution on the 

nitrogen, as opposed to the carbon in the work presented here, reduced the electronic 

conductivity by four orders of magnitude and so nullified the advantage of the improved 

ionic conduction. 
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2.8.2.2 Copolymers on Other Atomic Sites 

A variety of groups have presented work tailor making molecules that have a 

functional group placed at other atomic sites on the pyrrole monomer. Ribo et al. (1989) 

attempted to alter the electronic conductivity by polymerizing pyrrole in the presence of 

dipyrrin-l(10H)-ones [(Z)-2,3-demethyl dipyrrin-l(10H)-one] and (Z)-2,3,7,8-tetramethyl 

dipynTin-l(10H)-one at the second position on the monomer. This increased the 

molecular weight of the material and at high concentrations of the additive did indeed 

slightly decrease the conductivity of the sample. 

Other authors have substituted fimctional groups at the 3-position. Foos 

polymerized methyl magnesium pyrrole in the presence of dimethoxybenzene and quinone 

groups but found that the electrochemistry of the resulting electrode was hampered (Foos 

et al., 1990). Roncali and co-workers have described oxyalkyl-substituted polythiophenes 

(at the third position) as allowing electrodes to operate in aqueous solutions (Roncali et 

al., 1990). Polythiophene is otherwise too hydrophobic to allow exchange of ions with the 

solution. Delabouglise reported poly(3-(3,6-dioxaheptyl)pyrrole), and presented CV 

measurmements and stated that it gave a more reversible charge-discharge behavior, 

although their data are not clear on this (Delabouglise and Gamier, 1990). They attibute 

the difference to swelling of the polymer by electrolyte. Additionally, Delabouglise (1992) 

added alkyl groups in the 3-position of pyrrole and found that this homopolymer made the 

electrode's electrochemistry pH dependent. Inagaki also achieved pH dependent 
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electrochemistry by polymerizing 3-(6-ferrocenyi-6-hydroxyhexyI)pyrroIe with the pyrrole 

monomer (Inagaki et al., 1988). 

2.8.2.3 Work Performed Within This Manuscript 

The new copolymers presented in this thesis combine the functions of conducting 

polymers and polymer electrolyte. It was believed and has been shown that the electrolyte 

groups will stabilize ion clusters inside the conducting polymer structure and provide a 

series of adjacent islands or network of channels which will allow ions to move more 

rapidly. 

The copolymer discussed in this document differs from those of Delabouglise et al. 

in being 50:50 copolymers. Early tests on the homopolymer did not give good films 

whereas the copolymers formed uniform films and showed current-voltage (CV) curves 

with areas greater than for polypyrrole (Moon et al., 1995). 

The homopolymer polymers are thought to not possess enough space within the 

polymer backbone for the side chains to spread out and maximize the storage capacity. 

The films presented within this work are copolymers of polypyrrole and 

polyethyloxypyrrole. By polymerizing the two monomer groups together, the ethyloxy 

side chains have room to spread out without restricting one another's morphology. Figure 

2.17 shows the structure of the copolymer monomer. 
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Figure 2.17. (a) Poly(3-(3,6-ciioxaheptyl)pyrroIe) and (b) poly(3-(3,6,9-
trioxadecanylpyrrole))pyrrole copolymer structures. 
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Chapter 3 

EXPERIMENTAL PROCEDURE 

3.1 Sample Preparation 

3.1.1 Monomer Synthesis 

Synthesis of the substituted pyrrole-ethylene oxide monomers was carried out, 

initially, by Drs. Choi and Moon in Professor Hall's laboratory in the chemistry 

department at the University of Arizona. All monomer samples, with the exception of 

cells A, B, C, D, in the work reported here, were synthesized by Dr. Gardlund in the 

Materials Engineering department at the University of Arizona. Polymerization of all 

samples, and subsequent electrochemical and SEM characterization, was done by the 

author. 

3.1.2 Polymerization 

Polymerization conditions were held constant for all samples. All samples were 

polymerized on a Bioanalytical Systems, SP-2 potentiostat, located in the chemistry 

department at the University of Arizona. The working and counter electrodes were 

platinum foil, and the reference electrode was SSCE. Using a constant potential of 0.5 

volts vs. SSCE, a resultant current of 0.5-6 milliamps resulted for the 90 minute duration 

of the polymerization. The polymerization solution was a 1:1 copolymers of pyrrole and 
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{3-(3,6,9-trioxadecanyl)}pyiTole (n=2) in O.l M lithium perchlorate in propylene 

carbonate. 

Samples were polymerized onto platinum substrates (of approximately 1 cm"), 

with platinum wires spot-welded to them. The polymerization was encouraged to occur 

throughout the surface of the substrate and wire so that no platinum was exposed directly 

to the electrolyte when the sample was placed into the characterization cell. In general it 

was found that a complete coating of polypyrrole, a black film on the substrate, was 

viewed after 20 minutes. The copolymer required slightly longer, approximately 40 

minutes, to coat the entire substrate. By continuing the polymerization for a duration of 

90 minutes, reasonably thick films were reproducibly produced. 

3.1.3 Electrochemical Characterization Cells 

The characterization cells were formed in a three neck flask with ground glass 

joints. The stoppers for this flask were altered by melting the stopper's tip and imbedding 

a tungsten wire into the stopper. These wires protruded into the cell but were not allowed 

to touch the electrolyte. The ground glass joint was lubricated with high vacuum grease. 

These factors provided an air tight cell that could exist in ambient atmospheric conditions 

for a minimum of one year (judged by the metallic luster of the lithium electrodes). Each 

cell was constructed in a "Vac" drybox in which the water and oxygen levels were 

monitored and kept to less that 1 part per million, as monitored by the onboard monitors. 
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The polymerized sample was gripped by an alligator clip soldered to the tungsten wire 

and placed into the cell. Thirty-five milliliters of premixed electrolyte, consisting of 0.05M 

lithium perchlorate in propylene carbonate, was then poured into the cell. This 

concentration is less than most authors use, typically 0.1 to I M lithium perchlorate, 

however, there were safety concerns as this electrolyte has been found to be explosive at 

high concentrations (Hruska, 1996). 

The components of the electrolyte were purchased from Fluka, and the salt was 

baked at 100° C for 24 hours before dissolving into the solvent. The counter and reference 

electrode for each cell used lithium ribbon. Each lithium electrode was impaled on, and 

pinched around, the tungsten wire. The resultant cell is shown in figure 3.1. 

Lithium— 
Reference 
Electrode 

Lithium 
Counter 
Electrode 

Sample 
Working 
Electrode 

Electrolyte 

Figure 3.1. Electrochemical characterization cell. Counter and reference 
electrodes were lithium and the electrolyte was 0.05 M lithium perchlorate in 
propylene carbonate. 
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3 .1.4 Testing Apparatus 

After constructing the ceils in the drybox, the cells were transported to the 

laboratory in the Materials department. The cells were placed into another drybox in 

which the atmosphere is dried by cycling over calcium sulfate and phosphorus pentoxide. 

The cells were analyzed in the drybox for the duration of the experiments. Each cell was 

connected, by a feedthrough, to an IBM 286 computer. The experiments were controlled 

by the computer and the data was stored directly to the computer's hard disk. The data 

acquisition card used had 12 bit precision with 2.5 mV resolution. The fastest speed this 

system could provide was I data point every 0.3 seconds. Constant current was supplied 

by a Keithley 224 programmable current source, and a self designed potentiostat was used 

during constant potential experiments. The resultant passive parameter was measured on 

a Keithley 175A digital multimeter. The apparatus described above is shown in figure 3.2. 

a 

:BM Computer, 
Controller and 
Data Storage 

Potentiostat/ 
Galvanostat 
Instrumentation 

Drybox/Celi 

Figure 3.2. Apparatus used to measure sample characteristics. A computer was 
interfaced with the current source and the potentiostat. The cell was kept in a dry box 
during experiments. 
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3.1.5 Quantifying Polymer Samples 

After the respective experiments were completed, the samples were removed from 

the cell and swirled in a beaker of THF (tetrahydrofuran) to drive off excess electrolyte. 

The samples were then placed into a low vacuum to drive off the THF. Dried samples are 

removed from the substrate with a razor blade and weighed on a balance, with resolution 

to one tenth of a milligram. It is important to note that all of the samples were measured 

in a discharged state. Thickness measurements were made with a scanning electron 

microscope (SEM) and are accurate to within ±2 microns. While the SEM is capable of 

measuring lengths to a fraction of a micron, the rough morphology of the samples makes 

them difficult to measure, as the surface is not flat. A rough average was made, based on 

the high and low spots of the sample seen in the micrograph. A summary of the cells used 

on the respective experiments along with the physical dimensions of the samples are in 

Table 3.1. The polymer grew thickly around the edges of the substrate. This growth is 

taken into account in the weight calculation, however, the samples fragmented to such a 

degree after removal that finding an edge segment was not usually possible. Diaz et al. 

(1979) gives the density of fully doped polypyrrole with perchlorate as 1.5, which is within 

the errors of those given in Table 3.1. 

Micrographs were obtained on a Hitachi 2460N scanning electron microscope in 

the Materials department at the University of Arizona. Figures 3.3 and 3.4 show the 

rough surface of both polypyrrole and copolymer samples used in this study upon 

completion of the experiments. No porosity is seen in the sample cross sections. 
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Table 3.1. Summary of Sample Dimensions and Experiments 

CeU 
Co/Ppy 
Polymer Experiments Performed 

Mass 

W 

Surface 
Area (cm^) 

Thickness 
(xiO"* cm) 

Density 
Cg/cm^) 

A Ppy Mult. Chg/Dschg 29.15 L029 157 1.11 

B Co Mult. Chg/Dschg 0.8 1.372 4 1.37 

C Ppy CIO4 
Chg/Open/Dschg 
Li Dope 
Li Open Circuit Decay 

4.0 0.858 22 0.94 

D Co Li Dope 
Li Open Circuit Decay 

5.3 1.372 24 1.27 

E Ppy CV 0.4 1.041 2 1.19 

F Co CV 1.8 1.606 5 0.89 

G Ppy Const. Pot. 3.9 1.294 15 0.92 

H Co Const. Pot. 
Overchrg. 

4.6 1.606 26 0.91 

I Ppy Leakage Capacitance 3.3 0.858 18 0.93 

J Co CIO4 
Chg/Open/Dschg 
CIO4 Open Circuit Decay 
Leakage Capacitance 

4.0 1.372 12 .82 

K Co Atm. Degrad 25C 3.0 0.858 15 0.85 

L Co Atm. Degrad 50C L7 1.128 8 1.06 

M Co Atm. Degrad 75C L5 0.751 8 0.89 

N Co OCV, complete chg/dschg 3.0 1.372 11 1.12 

M Ppy OCV, complete chg/dschg 3.0 1.128 11 1.19 
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Figure 3.3. SEM micrograph of a copolymer sample. 
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Figure 3.4. SEM micrograph of polypyrrole sample. 
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Chapter 4 

Results 

4.1 Characterization Experimental Procedure 

All experiments were conducted at room temperature. All potentials reported are 

versus a reference electrode of lithium, and reference to copolymers of pyrrole and 

{3-(3,6,9-trioxadecanyl)}pyrrole (n=2) will simply be called copolymer unless otherwise 

specified. 

4.1.1 Cyclic Voltammetry 

The same Bioanalytical Systems potentiostat used m polymerization was used in 

cyclic voltammetry. The cells were modified in that the reference electrode was placed 

I millimeter away firom the sample (working electrode). To niitiate this testing, the cells 

were comiected to the potentiostat and the voltage was quickly scamied to find the initial 

point at which no current was passed between the working and counter electrode. 

Starting fi:om the zero current initial pomt, the scans were cycled at the desired rate and 

potential width. Two different scan rates are shown in figures 4.1 and 4.2, at 10 and 

I millivolts/second for both copolymer and polypyrrole. In figure 4.1, the scan width is 

firom 1.4 to 5.0 volts, and for figure 4.2 the scan width was varied to -0.3 to 4.0 volts. 
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5.0 

100^ 

0.2v 

2.3 2.0 

I 

4.0 5.0 

2.85 

1.4 

Figure 4.1. CV curve: (a) copolymer at 10 mV/s and (b) polypyrrole at 10 mV/s. 
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4.0 -0.3 

(b) 

-0.3 4.0 

Figure 4.2. CV curve: (a) copolymer at 1 mV/s (1st scan) and (b) polypyrrole at 1 mV/s. 
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The potential range in figure 4.1 was increased to look for possible lithium doping. 

Therefore, the minimum potential was lowered firom 1.4 to -0.3 volts. The first scan at 

this potential range is shown in figure 4.2 for both polypyrrole and copolymer. This scan 

was not, however, repeatable for copolymer. Successive scans lowered both the oxidation 

and reduction peaks until no fiirther activity could be seen firom the cell. A single attempt 

was made to revive the cell using a constant current source (used at 100 microamps), 

however, a return to the original scan shown in figure 4.2 was not attained. The sample 

and cell in no way looked as if anything had been harmed, for example the sample looked 

fine and the electrolyte did not change color. It is believed that the sample was dedoped 

to the point where electrical conduction was lost and that 100 microamps was too high a 

charging rate. For copolymer, successive scans fi'om 2 to 7 are shown in figure 4.3. 

0.2v 

-0.3 4.0 

Figure 4.3. Successive CV scans of copolymer at 1 mV/s (2nd-7th runs). Reducing scan 
is changed to potentials less than 1.4 volts. 
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4.1.2 Constant Current 

Cells were discharged, at 50 microamps, to a potential of 2.5 volts. The sample 

was then immediately charged at 50, 100, 150 and in the case of copolymer 

200 microamps, for one hour. After this charging time the cell was open circuited for 

1 hour. After the open circuit period, the sample was discharged at the same rate as 

charged, to 2.5 volts. Time measurements were taken during the duration of these 

experiments. The results of these experiments are shown in figures 4.4 and 4.5 for 

copolymer and polypyrrole respectively. These curves were completely repeatable with a 

time to discharge to 2.5 volts that varied, with all conditions equal, by less than a minute. 

Figure 4.6 shows the complete discharge of copolymer and polypyrrole cells. In 

this figure the initial discharge from the as-polymerized sample is measured along with a 

subsequent discharge. The discharge rate was 30 microamps. After initial discharge the 

cells were charged to a potential (3.8 and 4.0 volts for polypyrrole and copolymer 

respectively) just under the break down voltage of the material. Thus the second 

discharge utilizes the fiill, reversible energy of the cathode while the first discharge shows 

the initial energy stored in the respective material. 

Full charge and discharge cycling of both cathode polymers was also done for 

short periods of time followed by a short open circuit period. Figure 4.7 shows the 

resultant potential and time relationship of both samples charged from a nonconductive 

potential (2.5 volts for polypyrrole and 2.8 volts for copolymer) for fifteen minute periods 

followed by a 1 minute open circuit period. Each sample was charged to a potential just 
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Figure 4.4. Constant current experiments using copolymer. Discharge rates varied from 
50 to 200 microamps. 

150 Microamps 

2000 4000 6000 

. Time (sec) 

8000 10000 12000 

Figure 4.5. Constant current experiments using poiypyrrole. Discharge rates varied from 
50 to 150 microamps. 
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> 3 8  

10000 20000 30000 40000 50000 
TIME (sec) 

(a) — Copolymer Initial Disctiarge 

10000 20000 30000 40000 50000 

— Copolymer Subsequent Discharge 

10000 20000 30000 40000 50000 
TIME (sec) 

(b) — Polypyrrole Initial Discharge 

10000 20000 30000 40000 50000 
TIME (sec) 

— Polypyrrole Subsequent Discharge 

Figure 4.6. Initial and subsequent full discharge of (a) copolymer and (b) polypyrrole 
cathode cells at a constant rate of 30 microamps. 
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Figure 4.7. Complete charge and discharge cycle of (a) copolymer and (b) polypyrrole 
using short and low current pulses. 
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short of the measured or, in the case of polypyrrole the reported, breakdown voltage. 

After charging, the samples were discharged to the previous voltage level using alternating 

fifteen minute discharging periods and one minute open circuit periods. The charging and 

discharging rate was 30 microamps. 

4.1.3 Constant Potential Step 

Copolymer and polypyrrole samples were initially discharged until a current of less 

than 3 microamps flowed in the cell, when stepped fi'om the initial polymerization 

potential down to 2.5 volts. During this discharge, the average current and the integral of 

the discharge curve were measured. Table 4.1 summarizes the results of the initial 

discharge. During the initial discharge, the current was seen to rapidly decrease from 

1 milliamp. Polypyrrole held constant at 10 microamps for a substantial time which 

caused the sample to take noticeably longer to reach the cut-oflf current and lowered the 

average discharge current. 

Table 4.1. Initial Discharge Parameters 

Initial Values Polypyrrole Copolymer 

V uutial 3.54 volts 3.64 volts 

Total Initial Dchg. 1.082 coulombs 2.137 coulombs 

Sample Wt. 3.9 mg. 4.6 mg. 

Ave. Initial. Dchg. Current. 41.32 X lO-^' 55.39 X I0-« 

Subsequent discharging and charging was done by holding the sample at the desired 

potential for 24 hours then stepping down the potential to 2.5 volts. Once the cell's 
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current fell below 5 microamps, the sample was stepped back up to its initial potential. 

The experiment continued until the current once again fell below 5 microamps. The 

sample was tested from lowest potential to highest to avoid unwanted state changes in the 

electrode as well as possible damage at higher potentials. The average current values of 

the discharging and charging experiments at the respective potential steps is shown in 

Table 4.2 over the fist 1000 seconds or to experimental completion, whichever occurs 

first. The initial and fijll transient responses of the samples are shown in figures 4.8 and 

4.9 for both copolymer and polypyrrole. The storage capacities of the polypyrrole samples 

were found to always be greater than that of copolymer in the constant potential 

experiments. 

Table 4.2. Average Current Values (x 10"^ amps) During Potential Step Experiments 

Potential Step 
(V) 

Polypyrrole Copolymer 
Potential Step 

(V) Discharge Charge Discharge Charge 

2.8 4.1 5.3 7.3 10.3 

3.1 11.4 11.6 12.5 10.2 

3.4 22.7 23.4 30.6 28.7 

3.7 22.0 34.1 29.3 27.8 

The integral of the curves shown in figure 4.8 (a-d) is shown in figure 4.10. Both 

polypyrrole and copolymer are nonactive up to 2.8 volts. Also polypyrrole becomes 

electrochemically active at lower potentials as seen at the 3.4 voltage point in the 

difference between the charge in the samples. 
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Figure 4.8. Transient responses of polymer cathodes to potential steps at (a) 2.8 V, 
(b) 3.1 V, (c) 3.4 V, and (d) 3.7 V. 
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Figure 4.8 (continued). Transient responses of polymer cathodes to potential steps at 
(a) 2.8 V, (b) 3.1 V. (c) 3.4 V, and (d) 3.7 V. 
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Figure 4.9. Short-term constant potential response of polymer cathodes at (a) 3.1 V and 
(b) 3.7 V. 
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Figure 4.10. Integral of transient responses of copolymer and polypyrrole during both 
charge and discharge processes. 

4.2 Stability Experimental Procedure 

4.2.1 Repeated Charge and Discharge 

Two cells, one of copolymer and one of polypyrrole were cycled 200 times to test 

for a capacitive decay as a function of cycling. The copolymer sample was cycled at 

150 microamps from 3.6 to 2.7 volts. Because of time concerns, the polypyrrole sample 

was cycled at 1 milliamp from 3.6 to 2.7 volts. The results of the repeated cycling 

experiments are shown in figures 4.11 and 4.12. The experiments were stopped only due 

to time constraints, and there was no sign of physical damage to the samples. The jagged 

curves seen in these two figures is due to a difference in the time to discharge, which 
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Figure 4.11. Repeated cycling of copolymer sample. 
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Figure 4.12. Repeated cycling of polypyrrole sample. 
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varied by approximately 100 seconds. For example, at 1 mA, in the case of polypyrrole 

100 seconds is equivalent to 0.027 mAh dividing this number by 0.029 mg (the weight of 

the sample) yields a difference of 0.96 mAh/g. 

4.2.2 Perchlorate Open Circuit Decay and Leakage Discharge 

The cells were slowly discharged at 50 microamps to a potential of 2.5 volts, and 

then charged, at the same rate, to 3.7 volts. The data acquisition was then initiated and 

the sample was discharged to 2.5 volts. This discharge provides an initial measurement of 

the storage capacity. The sample was then charged, at 50 microamps, to 3.7 volts and 

open circuited for one week. Over this time the potential decay was monitored and is 

shown in figure 4.13. The potential was seen to initially decrease rapidly. After a few 

3.8 

^ 3.7 

3.6 

3.5 Polypyrrole 

3.4 

3.3 
0 38 75 113 150 

I ime (Iirs) 

Figure 4.13. Open circuit decay potentials for polypyrrole and copolymer. Polypyrrole 
maintains 71% of its initial charge versus copolymer that retains only 28%. 
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hours the rate of potential change decreased to a steady slope that lasted throughout the 

experiment. 

After one week the samples were discharged, at 50 microamps down to 2.5 volts. 

Comparisons of the initial and decayed capacities are shown in figure 4.15 for copolymer 

and polypyrrole respectively. In figure 4.15 the difference between the areas under the 

initial and decayed discharges is the amount of charge that leaked out during the week of 

shelf life. 

These experiments clearly show that polypyrrole holds charge much more 

effectively. The decay in capacity experiment shows that polj^jyrrole held 71% of its 

charge, while copolymer held only 28% after one week of open circuit measurements. 

This is shown in figures 4.14 and 3.15 wherein the potential of copolymer drops to 

3.3 volts, which is a potential very close to the minimum potential of electrode activity. 

By contrast, the open circuit voltage of polypyrrole after one week was 3.4 volts which is 

significantly far into the conduction region seen in the constant current integrals in 

figure 4.10. As discussed below, these changes may reflect diffiisional redistribution of 

charge within the samples or side reactions leading to true loss of charge. 

4.2.3 Overcharging 

Overcharge testing was done by holding a sample at an elevated potential for 

24 hours. At this time the sample was discharged at 100 microamps to 2.5 volts. The 

potential of the electrode was then raised to the same initial potential for another 24 hours. 
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Figure 4.14. Initial and leakage discharge of copolymer. 
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Figure 4.15. Initial and leakage discharge of polypyrrole. 
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After the second day at an elevated potential had passed, the sample was again discharged 

at 100 microamps. The discharges were then compared to see if any storage capacity had 

been lost. If the sample exhibited the same discharge in both cases, the sample's potential 

was elevated by two tenths of one volt, and the process was repeated. Once capacity was 

lost, attempts to revive the electrode failed. Stepping the potential back down to 3.7 and 

3.4 volts and recharging for 48 hours did not restore the lost capacity; the sample was 

permanently damaged. This sequence of charging and discharging began at 3.7 volts and 

stopped at 4.1 volts and was performed on copolymer only. Figure 4.16 shows the 

constant current discharges done at 3.7, 3.9 and 4.1 volts. Table 4.3 shows the storage 

capacity of the discharge curves seen in figure 4.16. 
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Figure 4.16. Discharge profiles of copolymer after having been elevated to 3.7-4.1 volts 
for 48 hours. Copolymer suffers firom irreversible capacity loss after 48 hours while held 
at 4.1 volts. 
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Table 4.3. Storage Capacity of Overcharging Experiments 

Potential 
Copolymer Energy Capacity 

(mAh/g) 

3.7 10.5 

3.9 18.7 

4.1 10.2 

4.2.4 Atmospheric Degradation 

To test the susceptibility of copolymer to atmospheric contamination, samples 

were slowly discharged at 50 microamps to 2.5 volts. Subsequently, the samples were 

charged at 50 microamps to 3.5 volts and immediately discharged back down to 2.5 volts. 

This initial discharge and charge profile is referred to as the reference discharge. After 

two of these reference discharges, the samples were removed from the cell. The samples 

were then placed into shallow dishes, and were barely submerged in propylene carbonate 

to allow access to atmospheric oxygen and moisture without allowing the samples to dry 

out and crack. Samples tested at elevated temperatures were placed into an oven and 

were then allowed to sit at 25°, 50° or 75° C for 24 hours. After this period of 

atmospheric exposure, the samples were placed back into the cell and the identical charge 

and discharge cycle was done. Figures 4.17-4.20, show the results of atmospheric 

exposure. 



2.4 ^ ' ' ^ 
0 5 10 15 20 25 

Time (sec) 
Clhousands) 

Figure 4.17. Atmospheric degradation versus a reference cycle at 25° C. 
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Figure 4.18. Atmospheric degradation versus a reference cycle at 50° C. 
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Figure 4.19. Atmospheric degradation versus a reference cycle at 75° C 
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Figure 4.20. Natural log of capacity loss versus 1/T. The straight line indicates an 
Arrhenius activated loss process relationship. 
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4.3 Lithium Doping and Lithium Open Circuit Decay 

Copolymer and polypyrrole samples were slowly discharged through the 

perchlorate doped region at 50 microamps from the initial polymerization potential to 

2.5 volts. At 2.5 volts the samples were discharged at 15 microamps until the potential 

reached 20 millivolts. At this potential data acquisition began, and the samples were then 

discharged at 50, 100 and 150 microamps. The results of these experiments are shown in 

figures 4.21 and 4.22. An open circuit decay experiment was done by doping the sample 

with lithium as above, and then open circuiting the cell while monitoring the potential. 

The first hour of open circuit decaying potential is shown in figure 4.23 and in Table 4.4. 

Table 4.5 lists the storage capacity of the lithium doped cells. 

Leakage of capacity was measured on copolymer This involved doping a 

copolymer sample and allowing the sample to decay over the course of one week while 

measuring the open circuit decay. However, upon application of a current of 

50 microamps, the potential jumped from 1.2 volts to 2.9 within the resolution of one data 

point (1 second). Therefore, one may conclude that no lithium remained in the sample 

after one week. No such experiment was done with polypyrrole. 
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Figure 4.21. Lithium doping discharges of a copolymer cathode sample. The sample was 
driven upward in potential from 20 mV to 2.5 volts at 50, 100, and 150 microamps. 
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Figure 4.22. Lithium doping discharges of a polypyrrole cathode sample. The sample was 
driven upward in potential from 20 mV to 2.5 volts at 50, 100, and 150 microamps. 
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Figure 4.23. Lithium doping open circuit decay. Samples were charged to 20 mV and 
open circuited for I hour while the potential was monitored. 

Table 4.4. Lithium Open Circuit Decay 
Day Time CoDoIvmer PolvDvrrole Day Time Copolymer Polyovrrole 

1 1:00 1.0254 0.7205 1 13:00 1.5183 0.7570 

I 1:10 1.0364 0.7224 I 14:00 1.5279 0.7572 

1 1:20 1.0465 0.7265 1 15:00 1.5352 0.7571 

1 1:30 1.0560 0.7287 1 16:00 1.5413 0.7574 

I 1:40 1.0650 0.7308 1 17:00 1.5465 0.7580 

I 1:50 1.0735 0.7326 1 18:00 1.5510 -

1 2:00 1.1203 0.7413 1 19:00 1.5550 -

I 3:00 1.1644 0.7465 1 20:00 1.5584 -

I 4:00 1.2082 0.7498 1 21:00 1.5613 -

I 5:00 1.2472 0.7522 1 22:00 1.5638 -

1 6:00 1.2767 0.7537 1 24:00 1.6326 -

1 7:00 1.2977 0.7548 2 1:00 1.7147 -

1 8:00 1.3161 0.7557 3 1:00 1.8133 -

1 9:00 1.3789 0.7565 4 1:00 1.9365 -

I 10.00 1.4419 0.7568 5 1:00 2.0240 -

1 11:00 1.4824 0.7570 6 1:00 2.0760 -

1 12:00 1.5046 0.7571 
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Table 4.5. Calculated Energy Densities of a Hypothetical Lithium Battery 
Using Polymer Cathodes 

Cell 

Energy Density (Wh/kg) 

Cell 50 10'*'amps 100 x 10"^ amps 150 X10"^ amps 200 X10-^ amps 250 xiO"^amps 

Ppy 6.0 10.8 8.0 8.6 -

Co 
(n=l) 

11.8 23.1 32.7 42.1 55.3 

Co 
(n=2) 

9.3 18.0 25.8 32.2 34.9 

4.4 Comparison of n=l and n=2 Copolymers 

Early work included a comparative study, using constant current charging and 

discharging, of n=l and n=2 copolymers with polypyrrole. After charging for one hour, 

the cell is open circuited for one hour and then discharged for one hour or until the 

potential reached 2.7 volts. Table 4.5 summarizes these results. Calculated energy 

densities are given for the three materials based on charging and discharging at different 

rates and on the weight of the electrode plus electrolyte and lithium as described ' 

previe«s^. It can be seen that the behavior of the two copolymers is comparable with n=l 

having a slightly higher energy density. 
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Chapter 5 

DISCUSSION 

5.1 Introduction 

To contrast the differences and similarities between polypyrrole and copolymer, 

the kinetic electrochemical parameters are found using, primarily, the data found in 

Chapter 4. Stability and battery application issues will be discussed in later sections. 

5.2 Physical Properties 

Comparisons between polymer electrodes are very dependent on a knowledge of 

the weights of material deposited during electropolymerization. Weights were determined 

by scraping off the polymer and weighing. The weight values are believed to be accurate 

to a few percent due to repeated measurement. 

Sample areas were measured using calipers and are also accurate to a few percent. 

Thicknesses are, however, imprecise as they are based on point measurements of film 

sections by electron microscopy. Hence sample weights can be taken as accurate but the 

variations in sample density are due to volume error. 

The addition of the ethylene oxide side groups is expected to have modified the 

electronic energy levels in polypyrrole and therefore, change the potentials corresponding 

to the band gap. This will change the potential range over which the polymer is insulating 

and doped. There is also shown to be a corresponding shift in the overoxidation potential 
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at which copolymer undergoes irreversible oxidation. The operating range for the 

electrode as a cathode will be defined by the top of the band gap and the oxidation level. 

It is expected that the total charge uptake of the electrode will depend on the 

structure of the polymer. One would expect the fiilly charged state to correspond to a 

given number of pyrrole units per ion (literature puts this at 0.3 (Scrosati et al., 1989)). 

Given the excess mass of the side chains, the copolymer structure possesses approximately 

half of the active pyrrole units per electrode weight, and so would be expected to yield 

approximately half the storage capacity of a polypyrrole electrode. 

As stated in Chapter 2, the basis for this work was to increase the kinetics of the 

polypyrrole electrode. This was to be accomplished by attaching the ethylene oxide side 

group to half the polymer units to allow the difiiision ions easier passage through the 

electrode-electrolyte interface. This idea was discussed by Roncali et al. (1990). 

Finally, it is important to establish that any differences seen in the electrode 

performance are not due to morphological differences, but are instead due to the 

molecular altering of the pyrrole unit. For this reason the polymerization conditions for 

each electrode was kept the same (potential, electrolyte, etc.). The SEM micrographs 

shown in figures 3.3 and 3.4 show that the surface of each electrode is quite similar and 

the cross section of both materials appear equally dense. Therefore, the assumption that 

electrochemical differences are due only to the addition of ethyleneoxide side chain is 

reasonable. 
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5.3 Derivation of Electrochemical Parameters 

5.3.1 Cyclic Voltammetry 

The range of potentials during which the polymers begin oxidizing, shown in 

figures 4.1 to 4.3 are of note. For polypyrrole, the oxidation scan begins to show signs of 

activity at approximately 2.9 volts and reaches a maximum value at approximately 

4.0 volts. The copolymer sample does not show activity on the oxidation peak until 

approximately 3.2 volts. The copolymer scans therefore, appear elongated due to an 

elevated potential of oxidation initiation. This shift in oxidation initiation corresponds to a 

shift in the band gap of the electrode. The shift of roughly 0.3 volts would be a reasonable 

change due either to the substituted carbon attached to the pyrrole ring or to some 

rotation of the chain induced by the need to accommodate the large side groups. Porter 

(1987) reports the onset of charging in polypyrrole at 2.56 volts vs. lithium with charge 

removal at 0.2 volts lower. 

Also evident from figure 4.1 is the difference in reaction reversibility, where 

reversibility is defined by the difference between the peak oxidation and reduction peaks. 

Polypyrrole has a peak difiference of 0.23 volts. Copolymer, by contrast, exhibits a greater 

difference of 0.5 volts. Therefore, the reversibility of the copolymer material was not as 

close as that of polypyrrole. 

Figure 4.3 shows the slow decay of the cyclic voltammagram in the case of 

copolymer. The curves under the anodic and cathodic scans were integrated for the 1st 

through the 5th cycle. The corresponding watt values are shown in Table 5.1. 
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Table 5.1 Integrals of Successive Scans of Copolymer Shown in Figures 4.2 and 4.3 

Cycle Number 
Oxidation Integral 

(Watts) 
Reduction Integral 

(Watts) 

Reduction/ 
Oxidation 

Ratio 

1st 0.101 0.073 0.723 

2nd 0.075 0.055 0.733 

3rd 0.074 0.052 0.693 

4th 0.071 0.051 0.718 

5th 0.058 0.041 0.701 

The reduction/oxidation ratio has an average value of 0.71. This value will be useful in 

the next section where kinetic paramters are derived. 

The last point concerning figure 4.1 is the limiting capacitance commonly found in 

conducing polymer cyclic voltammagrams. The limiting capacitance is not clearly 

understood but is seen as residual current observed at the end of the anodic sweep. The 

limiting capacitance has been tentatively explained by charge saturation models which 

assume that when the process is driven to high doping levels, double layers of static 

charge, which involve molecular distances between weakly trapped ions and the surface of 

molecular chains, are formed in the polymer matrix (Tanguy, Mermillod, and Hoclet, 

1987). 

The relationship expressing the limiting capacitance is simply: 
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where i is the current and v is the voltage scan rate. Computing the limiting capacitance 

for polypyrrole, as seen in figure 3.5, yields a value of 86 mF/cm^. This value is within an 

order of magnitude with the luniting capacitance found in the literature published at 

20 mF/cm" (Panero et al., 1989), wherein the authors used a different electrolyte. The 

copolymer limiting capacitance found fi-om figure 3.5 is 138 mF/cm^. The difference of 

52 mP/cm" is indicative of either an increase in copolymer charge density or a decrease in 

the separation between the charge layers within the bulk of the electrode and the surface 

of the electrode. 

5.3 .2 Potential Step 

5.3.2.1 Kinetics Discussion 

The expected current versus time response of the transient potential step 

experiment is shown in figure 5.1 (Kemp, 1985). In this figure the difference between 

discharge/charge was limited by the control of current discharge fi'om ion difiiision in the 

electrolyte or electrode, by kinetics of charge transfer to the electrode and by mixed 

control. Difiiision control gives a sharp initial current spike whereas kinetic control gives 

a flat charge-time curve. Figure 5.1 may be compared with figures 4.8 and 4.9. 

Figure 4.9 compares the initial charge and discharge kinetics for polypyrrole and 

copolymer. At 3.1 volts the copolymer sample shows higher currents while polypyrrole 

gives higher currents at 3.4 volts and 3.7 volts. The flat shape of the discharge curves for 

polypyrrole, when compared to the steeper transients in all other cases, suggest control by 
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Figure 5.1. Various current responses of an electrode discharged during a 
constant potential step experiment: (a) diffusion controlled, (b) kinetic 
controlled, and (c) mixed control (Kemp, 1985). 

the kinetics of charge transfer as the conducting polymer becomes ionized. The facts that 

polypyrrole shows control by transfer kinetics but that the copolymer shows faster 

diffusion suggests that transfer kinetics are also faster in the copolymer. 

Current measured in this system reflects motion of both electrons and ions in the 

samples. In doped samples the ion mobilities should be lower than those of the electrons 

and so will limit the process. However, electron transport may become limiting in a fiilly 

undoped surface layer during discharge. This may make discharge studies very sensitive 

to the holding potential, in relation to the band gap edge, selected during a discharge 
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cycle. Hence the difference in the material's band edge is expected to reflect in the 

discharge curves strongly. 

Given this, the slower transients evident in the copolymer charge curves reflect 

increased difiiision rates in these samples. Overlays of galvanostatic results in figures 4.4 

and 4.5 likewise show differences in the charging curve and in the transient recoveries at 

the end of charge and the start of discharge. These facts also reflect enhanced mobility in 

the copolymer but the effect is not large. 

5.3.2.2 Potentiostatic Transient Discussion 

During the discharge process, both polymers exhibit a diflfijsion controlled 

discharge. In the charging portion of the experiment, both samples exhibit a very large 

initial current followed by a much more linear region of charging. This may be explained 

by the fact that at 2.5 volts both materials are completely discharged and therefore, are not 

conductive. The initial current could then be seen as a resistive drop across the sample. 

The rate of the slow charging that follows the initial current spike is limited by the 

resistance of the sample and therefore is not diSlision controlled. 

In figure 4.8(d), polypyrrole shows signs of overcharging, both charging and 

discharging. In the case of the charging profile at 3.7 volts, the current rises with time 

after quick initial decrease. Copolymer also exhibited this behavior but at 4.1 volts. If 

either polymer is raised to elevated potentials, the sample's resistivity causes a large initial 

current, followed by a steep decrease, and then the current slowly rises. 
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The discharge of polypyrrole also showed signs of overcharging as the discharge curve 

from 3.7 volts in figure 4.9 shows by dropping below the current of the 3.4 volt 

experiment. This would only happen if the electrode material were altered to inhibit the 

flow of ions out of the sample to a nonelectrochemically active state, that inhibits the 

number of ions allowed out of the sample. The eventual result of this is the decrease in 

the electrode's storage capacity. The cause of this curve alteration is the length of time 

the electrode spends at the increased potential. The procedure for this potential stepping 

experiment held the elevated potential for 24 hours prior to discharging. During this 

extended time the electrode was at an elevated potential, the electrode was damaged, thus 

inhibiting the flow of ions. 

The copolymer sample has a slightly depressed charging line with respect to the 

discharging line. This difference in the copolymer charging curve and discharging curve is 

due to discharging the sample to 2.5 volts. Because the band structure of copolymer is 

altered, 2.5 volts is further into the insulation region than in polypyrrole. It is common 

knowledge that in constant potential analysis, there is a heavy dependency of the sample's 

capacity to be somewhat dependent on the previous potential of the electrode. The longer 

an electrode spends at a particular potential, the more that potential will influence the 

electrode's capacity. 

For example, the potential step experiments were initially attempted going from 

low to high (2.5 to 2.8, 3.1 volts, etc.). This resulted, however, in nonrepeatable charge 

integrals that continued to shrink until finally, no significant charge (greater than 
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0.001 coulombs) was passed stepping up to 3.1 volts. This shrinking capacity is due to 

holding the electrode at 2.5 volts for 24 hours prior to experimentation (at 2.5 volts both 

samples contain no charge). The same phenomenon resulted in the depressed charging 

slope of copolymer due to the length of time the electrode spends at 2.5 volts to 

discharge. 

The Cottrel equation: 

nFAD 

is used to solve for the diffusion coefBcients of polypyrrole and copolymer. The equation 

describes the current decay of an electrode using diffusion as the limiting process. Using 

the plots of I versus t""^, the slopes of the resulting plots yield the diffusion coefficient. To 

gather this data, potential step experiments were performed on each sample. Oxidation 

was done by stepping the potential from 3.3 to 3.4 volts. Reduction was done by stepping 

the potential from 3.5 to 3.4 volts. These voltages were chosen to coincide with the 

perchlorate conduction region of both homo and copolymer. 

In the case of polypyrrole, the following parameters were used which coincided 

with the sample tested: 

A= 1.1 cm^ 
F = 96485 C/mol equ 
n = 1 equ 
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From the map of charge versus voltage, constant potential sample at 3.4 volts, the 

polymer concentration is found: 

0.5 C ] 

. 96485 C/molJ . ,„.3 ,, = -i— —^ = 1.46x10 ^ mol/cc 
0.0039 g 

0.9 g/cc 

The slope of the polypyrrole charging current versus one over the square root of time, is 

0.0042, therefore. 

Do.. = 
( 9\ 

6.8xl0'N = 2.2x10"' cm^s 

Likewise, the slope of the discharge curve is used (m = 0.0035) to determine the reduction 

diffusion coefBcient; 

D red 

5.8x10"^ 

V o / 

= 1.6x10"' cm^s 

Using the same technique, the diffiision coeflBcients are derived for copolymer. The 

following parameters were used, 

A = 0.89 cm^ 
F = 96485 C/mol equ 
n = 1 equ 
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The final concentration for copolymer is estimated using the previous constant current 

experiments. 

0.27 C 

Co = 96485 C/moU 

' 0.0046 g' 

, 0.8 g/cc , 

= 4.8x10"* mol/cc 

The charge in the constant potential experiments varied slightly between the oxidation and 

reduction reactions, therefore the reduction charge used is 3.6x 10"* mol/cc. The slope of 

the oxidation current versus the square root of time is 0.0036, in figure 5.2. Using this 

slope, the oxidation diffusion coefficient is derived as above. 

Do.. = 7.5x10"^' 

c. , 
= 2.4x10"' cm"s 

Using the reduction slope, seen in figure 5.3, of 0.0025, the reduction difEusion coefficient 

is calculated as. 

D red 
' 5.2x10'*' 

C. J 
= 2.09x10'® cm^s 

It may be seen from these calculations that the dififlision coefficient of copolymer is 

roughly an order of magnitude greater than that of polypyrrole, and that the central aim of 

this work was successful in speeding up the kinetics of the polypyrrole electrode. 

The diffusion coefficients derived in this section are in excellent agreement with 

those found in the literature. Table 5.2 shows various author's reports of the difEusion 

coefficients of perchlorate in a polypyrrole electrode. 
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Figure 5.2. Response of equilibrated samples to potential step of O.I volts: (a) copolymer 
and (b) polypyrrole. 
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Figure 5.3. Response of equilibrated samples to a potential step of-0.1 volts; 
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Table 5.2. Reported Diffiisioix CoeflScients of Polypyrrole 

DiSiision CoefiBcient (cmVs) References and Method 

D„ = 3.7x10-' 
D„ = 3.9x 10"' cyclic voltammetry (Rosa and Peres, 1992) 

l.Ox 10-"' 
D„ = 3.7 X 10-" galvanostatic pulses (Scrosati, 1987) 

D= l.Ox lO"' AC Impedance (Arbizzani et al., 1992) 

D„, = 5.01 X 10-" 
D„= 1.04X 10-'° potential step (Naoi, 1987) 

D„= 1.63 X 10"' potential step (Naoi and Sakai, 1987) 

5.3.3 Constant Current 

Constant current transients performed in this work all have the shape shown in 

figure 5.4. Such transients are observed in cases of electrode reactions involving an initial 

ohmic voltage drop followed by a charging of the double layer capacitance. Slow rate of 

diflfijsion limited charge transfer follows. 

' Capacitance Potential 
(V) 

Difiiision 

i I Exchange Current 

IRcell 
Eo 

Time (t) 

Figure 5.4. Schematic of potential-time transients. 
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The mathematical equations describing these transients were first addressed by 

Berzins and Delahay (1955) for a reaction involving a single rate determining electron 

exchange. For the work presented here this simple reaction is expressed as: 

The doping and undoping of the polymer cathodes involving the oxidation and reduction 

of the monovalent ions "ClO^ are of this type. The following assumptions are made in this 

model; (a) electron transfer at the polymer/electrolyte interface occurs across an energy 

barrier, (b) planar electrodes with homogeneous bulk properties in unstirred solution with 

diffusion as the sole mode of mass transfer, are used. Hence, this analysis pertains to the 

case of semi-infinite linear diffiision. 

At any given time the total current density, i„ is the sum of the faradaic, ip, and the 

capacitive, i^, current components: 

R = Polymer + e (3) 

(4) 

The faradaic current density is given by: 

c = — 
r o (5) 

and the capacitive current density by: 

i, = (Co/A)dll/dt (6) 
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In these equations, and C, are the concentrations of the oxidized species (CIO4 in the 

polymer) at the surface and within the bulk of the polymer, Cr and Crq are the 

concentrations of the reduced species of CIO/ in the electrolyte, a is the transfer 

coefficient, n is the number of electrons exchanged during the reaction, F is the Faraday 

constant, r] is the overvoltage (with the initial ohmic drop subtracted out), R is the gas 

constant, T the absolute temperature, Iq the exchange current density. The exchange 

current density is represented by: 

i, ^nFk.C.-C" -' (7) 

where k is the concentration independent rate constant. The time dependence of 

concentration of the reduced species is given by Pick's law: 

d^C 
—^ = - D„ ^ (8) 
at ° ^ ^ 

3C„ 

The boundary conditions are defined for x, the distance perpendicular to the electrode 

surface. The surface of the polymer is defined as x=0, the distance into the polymer is 

defined as x>0, and the distance into the electrolyte from the electrode surface is 

represented by x<0. The time t is the time elapsed from initial current passed and the 
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difiiision coeflBcients Dgand Dr are the difiiision parameters of the oxidized species in the 

polymer and electrolyte respectively. 

The boundary conditions for the solution to the above equations are; 

Co = C. for xiO and t=0 
Cr = Cro for x<0 and t=0 
Co = C, for X - <» and all t 
Cr = Cro for X oo and all t 

and 

ip = nFD„ 
J ,=0 

= -nFD. 
, dx 

(10) 
.•c=0 

The solution to the Pick's equations above is provided for small overvoltages and 

moderate times; 

Tl(t) = 
I nF; 

I T 
— + 2i it 

\ 

v/tcDFc„^ 
(11) 

Equation (11) is projected to a per unit area calculation so that values of the coefficients 

derived must be normalized to the unit area of the sample, and this has been done in the 

following calculations, using Table 3.1. 

Therefore, plots of overvoltage vs. ^ will result in a straight line (up to the limit 

of approximately RT/F = 0.025 V). To solve for the diflfiasion coefiBcient using this 

technique, the fiill discharges of copolymer and polypyrrole are used and shown in 

figure 3.11. The plots of the overvoltage vs. time^ the discharging cycle are shown in 

figure 5.5. 
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Figure 5.5. Plots of overvoltage vs. t''^ for (a) copolymer and (b) polypyrrole during a 
galvanostatic discharge. 
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In the case of polypyrrole, the values used were: 

Co = 2.3 X10*' mol/cc (charged state) 

Slope (m) = 3x10'^ 

and arrive at a polypyrrole reduction diffusion coeflBcient of 

= 2.5x I0-' cm-/s 

Likewise for copoljmier, the values used were: 

Co = 2.1 * 10"' mol/cc (charged state) 

Slope (m) = 8x10"* 

and arrive at a copolymer reduction diffusion coeflBcient of 

0^ = 4.2x10-" cmVs 

It must be noted that these values are in excellent agreement with the potentiostatic values 

derived above. Additionally it has been shown again that copolymer exhibits a diffusion 

coefficient of approximately one order of magnitude greater than polypyrrole. 

The rate of the charge transfer reaction, as expressed by the exchange current 

density may also be derived. Using equation (11) and figure 4.5, the exchange current 

density may be found as the point at which the /T term is zero, i.e. the y-axis intercept. 

Doing this results for copolymer yields: 

io= 59x10"^ amps 

and for polypyrrole, 

io= 33x10"^ amps 
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Exchange current densities of simple one electron transfer reactions such as. 

Ti^" = Ti^' + e, 
Ce'" = Ce'* + e, 
Mn^" = Mn^"" + e", 

(CH), + BF,- = (CH)^F,- + e-. 

are comparable to the results obtained above with the reported exchange current densities 

as, 3x10"* (Essih, 1940), 2^ 10"*, (Vetter, 1951), 2^ 10'^ (Vetter and Manecke, 1950) and 

10"* (Will, 1985) amps respectively for concentrations of the redox species of the order 

of 10*' to 10"' mol/cc. 

The anodic transfer coefiBcient can not be found in equation (11) analysis owing 

the linearization of the exponential functions. Therefore, Berzins and Delahay (1955) 

offer an expression for the overvoltage at larger values of n (greater than 0.025 volts) as is 

applicable to battery function: 

Tl(t) = RT 
In 

(l-a)F . ^0, 
- In (l - \lxh) (12) 

where R is the gas constant, T is temperature, a is the symmetry coefficient, F is coulombs 

constant, I is the current flowing from the electrode, Iq is the exchange current density, t is 

time and t is a parameter defined by Berzins and Delahay (1955) as the time at which the 

dopant concentration at the polymer surface has become zero. 

T is expressed by: 

T = 
2.2 

0 
A^TtDF^C 

4i-
(13) 
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The concentration factor in the expression for T is of importance in this expression. For 

the analysis to follow it is assumed that the very outer surface of the electrodes is in a 

discharged state, due to the high rate of discharge seen in Chapter 3. Therefore, 

converting the constant potential integrals found in figure 3.14 results in a concentration 

value of 1.6^ 10~* mol/cc for the outermost layer of the electrode. The values of x for 

polypyrrole and copolymer are 519 seconds and 1100 seconds respectively. 

Using equation (12) and plotting the overpotential vs. l/(l-\/T/vT) will result in a 

straight line for large values of the overpotential, and the slope of this line will yield the 

transfer coefficient. This has been done and is shown in figure 4.6 for both copolymer and 

polypyrrole. 

From figure 5.6(a), the slope, m = 0.068. Using equation (12) and the slope value, 

yields a transfer coefficient of 0.64. This value is indicative of a charging and discharging 

process that is not symmetrical, favoring the cathodic undoping reaction while impeding 

the anodic doping process. This asymmetry in the doping and undoping process is 

believed to be the cause of the degenerative cyclic voltametry scan shown in figure 4.3, 

and the average ratio of the reduction to oxidation areas of these curves was 0.71 which is 

a reasonable match with the derived transfer coefiBcient of 0.63. 

Asymmetrical transfer coefiBcients are not uncommon. Values for a of 0.75, 0.72 

and 0.19 have been observed in the reactions: 

Ce^" = Ce^" + e* (Vetter et al., 1951) 
Mn^^ = Mn^" + e* (Vetter et al., 1950) 

(CH)^ + BF; = (CH)JBF4- + e- (Will, 1985) 
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In contrast, the same analysis performed on polypyrrole arrives at the slope of 

figure 5.6(b) is 0.05, and this corresponds to a transfer coeflBcient of 0.49. Therefore, the 

doping and undoping process of polypyrrole is quite symmetrical. 

As a methodology check, the exchange current has also been found using 

figure 5.6 and results in 40 and 44 ^lA for polypyrrole and copolymer. These values are in 

reasonable agreement with the previously derived values, thus indicating that the analysis 

is sound. 

Finally, the concentration independent rate constant may be found using 

equation (7). Using values of 

Copolymer io=59jiA 
n = 1 
C„=2.1xl0-^ 
a = 0.63 
C,= 0.05M 

Polypyrrole i^ = 33 (lA 
n = I 
Co =2.2x10-^ 
a = 0.5 
Cr=0.05M 

yields rate constants of 9.0x10"® cm/s and 3.2x10** for copolymer and polypyrrole 

respectively. 

The derivation of the difiEiision coefficients of lithium in both copolymer and 

polypyrrole have been found using the same method as shown in figure 4.5. Figure 4.7 

shows the plot of the overpotential for the SOjxA discharge vs. time^ originally shown in 

figure 4.21. 
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Figure 5.7. Overpotential of 30 nA discharge of (a) copolymer and (b) polypyrrole vs. 

In order to use figure 5.7, the concentration of the dopant within the polymer must 

be known. To help estimate this, figure 5.8 shows the dv values vs. time. Because the 

polymer electrodes undergo a region of high electrical resistivity when not doped with 

lithium or perchlorate, the voltage of the electrode will rise quickly as the electrode 

becomes less conductive. This will be made evident in a plot of dv vs. time during an 

undoping reaction. 

The first element of significance shown in figure 5.8 is the fact that the discharge 

point at which the dv profiles begin to slope up is seen at 1.42 volts for both copolymer 

and polypyrrole. Additionally, the copolymer sample shows a steeper dv increase as the 

sample becomes less electrically conductive. This indicates that the undoping process 

provided the bulk of lithium ions while the sample was still conductive. In contrast, the 
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Figure 5.8. Lithium discharge curve used to find the voltage value at which the sample is 
undoped, as seen in an increase in the slope of a plot of dv vs. time for (a) copolymer and 
(b) polypyrrole. 
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polypyrrole dv slope is not as steep. This suggests that the sample begins to loose 

electrical conductivity while still undoping. In summary, the copolymer sample provided 

more ions than that of the polypyrrole sample while still in a state of high electrical 

conductivity. 

To derive the difiRision coefiBcients for lithium doping, the concentration of 

dopants must be found from figure 5.8. As discussed above, this point shall be defined as 

the point at which the dv plot begins to slope up. In the case of polypyrrole, this occurs at 

4800 seconds and at 7000 seconds for copolymer. From Table 3.1, the mass of the 

samples was 4 and 5.3 mg, respectively. Concentrations are found using the 

corresponding density estimate of 1 and 1.1 gm/cc for copolymer: 

7000 sec X 50 |iA^ 

96480 C/mol ; = 7.4x10"' mol/cc) 
c •? 5.3 mg 

. l.l g/cc^ 

and for polypyrrole. 

^ 4800 sec X 50 nA^ 
96480 C/mol 

4.0 mg 

I.O g/CCy 

= 6.2x10"' mol/cc 

The slopes of the overpotential vs. t"^ plot shown in figure 5.7 are found to be 3.5 x 10*^ 

and 5.3x10*^ for copolymer and polypyrrole, respectively. Using equation (11) and the 
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concentrations derived above the corresponding dififiision coeflBcient for lithium undoping 

of copolymer is: 

The exchange current densities are also found from figure 5.7 and equation (11). This 

parameter, for copolymer is 2.8 nA and for polypyrrole is 2.2 |xA_ 

This analysis has shown that the capacity for lithium ions is slightly higher in the 

copolymer sample, however the tremendous increase in the dififiision coefficient, found 

using the perchlorate ion, was not so pronounced using the lithium ion. Copolymer 

exhibited only a 38% increase in dififiision coefficient as opposed to the perchlorate ion 

which was found to dififiise 95% faster in the copolymer sample. Additionally it was found 

that the exchange current density was greatly reduced for both materials when doped with 

lithium, indicative of a decrease in the rate of overall charge transfer when doped with 

lithium as opposed to perchlorate. 

To derive the transfer coeficient equation (11) must be altered to compensate for 

the difiference in reactions; as shown equation (II) has been derived for a cathodic 

(reducing) reaction. Rewriting (11) to suit an anodic (oxidizing) reaction yields: 

= 5.0x10"* cmVsec 

and for polypyrrole: 

= 3.1x10'* cmVsec 

• \ 

+ In 1 + t (14) 
\ 
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In a similar fashion as performed above a plot of the overvoltage vs. In (1 + (t/r)'"^) will 

yield a straight line with the slope proportional to the anodic transfer coefficient. Due to 

the high self discharge rates shown in Chapter 3, a discharged concentration is assumed 

for computing the value of t (1.4x 10~* mol/cc) as per equation (12). The values used to 

calculate x are 1500 seconds for polypyrrole and 3700 seconds for copolymer. A plot of 

the overvoltage vs. In (1 + (t/r)''^) is shown in figure 4.9. The respective slopes of these 

lines are 0.7 for copolymer and 0.8 for polypyrrole. These slopes values yield a 

coefficients of 0.03 for both copolymer and polypyrrole. This indicates that both materials 

favor the doping reaction preferentially over the undoping reaction. This is surprising 

given the self discharge rates are high for lithium doped samples and indicate that the 

symmetry coefficient is not a good enough parameter to predict self discharge causes or 

rates. 

5.3.3.1 Ohmic Voltage Drop (IRcen) 

The ohmic voltage drop that resuhs from the cell design and electrolyte resistivity 

results in a steep rise of the potential during the initial application of a constant current. 

An evaluation of the initial voltage rise point as a function of the applied current should 

yield a straight line with the slope proportional to the resistivity of the electrolyte and the 

polymer cathode (all resistive elements in the circuit). This resistance of the cell is a 

function of the aspect ratio of the cell (1/A) between the reference and working electrode 
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and the combined resistivity of the electrolyte and the polymer cathode. If the cathode is 

conductive (doped) the cathodic contribution to this resistance may be negated. In the 

case of figures 4.4 and 4.5, the cells started fi-om a discharged state. Therefore, the 

resistivity of the cathodes is significant and increases the resistance of the cell. Figure 5.9 

shows a plot of the resistivity of figure 4.4 using the relation: 

_ d(E - Ej/diA 

where A is the sample area and I is the length between the reference and the working 

electrode. From the slope in figure 5.9, the resistivity of the cell used in figure 4.4 is 

148 ohm cm. The slope of the line in figure 5.9 is not perfectly linear owing to the slow 

time resolution of the equipment used. Generally, the ohmic drop is best seen at less than 

10 milliseconds. 

5.3.3.2 Double Layer Capacitance Values 

The double layer capacitance values may be calculated using; 

i^ = (C^A)dTi/dt 

where A is the area, Cq is the capacitance and ti is the potential. Making the reasonable 

assumption that i,= i^ during the initial current spike. This assumption is only good for the 

first few milliseconds of charging. Unfortunately, the time resolution on the 

instrumentation used was not good enough to make this assumption. However, 

extrapolating the initial slope of the 50x 10"^ amp curve yields a Cp of 6. l7mF. Clearly this 
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number is unreasonable and is due to the insuflBcient time resolution on the apparatus 

used. An estimate of polypyrrole cathode's double layer capacitance is equally unrealistic. 

5.3 .4 Open-Circuit Potential-Dopant Level Relationship 

An attempt was made to derive a relationship between the open-circuit potential 

and the dopant level within the polymer electrodes, using galvanostatic pulses. The plots 

shown in figure 4.7 and the experimental procedure are discussed above. Using figure 4.7 

and plotting the open circuit potential vs. dopant level results are shown in figure 5.10 for 

both charging and discharging. It can be seen that potentials do not overlap between the 

charging process and discharging process. A hysterysis-type shape when the open-circuit 

values of a slow charge and discharge are plotted on the same graph. 

0.4 

12 0.35 --
o 

0.15 
0 0.05 0.1 0.15 0.2 

Current (mA) 

Figure 5.10. Ohmic drop across the copolymer cell during constant current charging. 
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The reason for this may be explained as follows. The open-circuit potential is a 

fiinction of the surface dopant concentration. Because the diffusion within each electrode 

is very slow, as the sample is charged and discharged, the concentration of dopants is not 

the same as within the bulk of the electrode. This creates diffusion gradients within the 

sample, even at the low rates used in this series of experiments (30|iA) which cause the 

sample to exhibit different open-circuit potentials depending on the previous direction of 

dopant flow. 

A comparison of the areas between the charging and discharging open-circuit 

potential curves for both polypyrrole and copolymer yield approximately the same areas. 

It may, therefore, be assumed that the diffusion enhancement measured for copolymer 

electrodes serves only at the electrolyte interface and that the diffusion within the bulk of 

the polymer electrodes remains essentially constant. 

Using the plots found in figure 5.10 a plot of the cell resistivity was made to show 

the relative change that the cell undergoes during a complete charge and discharge cycle. 

The plot of cell resistivity is shown in figure 5.11 for copolymer and polypyrrole. 

The hysterysis shape charging and discharging effect has been seen to occur previously in 

other diffusion limited electrodes (Will, 1985). 

Using the same technique to measure the resistivity of a cell as described in the 

kinetic derivation section, the resistivity of the cell may be found using the initial data 

point after each charge and discharge pulse used to yield figure 5.10. The results of this 

analysis are shown in figure 5.11. As expected, the resistivity of the cell decreases as the 
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electrode becomes more highly doped, however, it is interesting to note that the resistivity 

again drops when the electrode begins to approach maximum doping levels. This is 

believed to be due to the electrode morphology changing as the polymer chains shift to 

accommodate more, and more ions. This morphological change is believed to cause stress 

on the double carbon bonds thus altering the path of electrons traveling through the 

electrode. Conventional semiconductor materials also suffer from a decrease in the rate of 

conductivity change if the dopant concentration becomes excessive, and the cause is due 

to alterations in the crystal structure. An example of the diffusion gradients present within 

an electrode is shown in figure 5.12 for a hypothetical experiment. 

5.4 Battery Considerations 

5.4.1 Capacity Comparison 

In the constant potential experiments, it was found that the electrochemical 

window of activity was different between polypyrrole and copolymer. The apparent 

increase in copolymer capacity may be explained. 

Copolymer is active between approximately 3.3 and 4.1 volts, while polypyrrole is 

active between 2.8 and 3.8 volts. This is shown in figure 4.10 where the increase in 

copolymer capacity is seen if the copolymer integrals of charge and discharge are 

extrapolated to 4.1 volts. The molecular weight of pyrrole is 67 g/mol and of copolymer 

(assuming one pyrrole group + one half the mass of the ethylene oxide group to 

correspond to a 50/50 ratio of mixing) is assumed as 141 g/mol. The peak capacity for 
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polypyrrole calculated from figure 3.12 at 3.8 volts is 260 C/g in a fiilly charged state. 

This yields: 

260 C/g 67 g/moI = 17.4 kC/mol 

Likewise for copolymer assuming a molecular weight of 141 g/mol with a peak capacity of 

250 C/g yields: 

250 C/g X 141 g/mol = 35 kC/mol 

Thus on a molar basis, copolymer has a higher capacity than polypyrrole. On a 

gravimetric basis, however, 1 gram of polypyrrole produces just a little more charge than 

copolymer (250<260). Owing to the higher molecular weight of copolymer there is less 

mole percent present, but the overall stored charge is comparable. Therefore, on a 

gravimetric basis, copolymer offers no significant increase in storage capacity, and 

unfortunately, the gravimetric figure is the storage capacity of most use for battery 

applications. 

The polypyrrole charge storage capacity at 3.7 volts vs lithium is 194 C/g, 0.13 

charge/pyrrole unit. Capacity for the copolymer material may be estimated at 171 C/g, 

0.24 charge/pyrrole unit and, at 3.8 volts, this rises to 208 C/g, 0.29 charge/pyrrole unit. 

Thus, the extra mass of the ether units does not appear to cost any storage capacity. 

Being that the gravimetric capacities are so similar it may be assumed that the pyrrole 

ethyleneoxide unit is capable of storing charge as well as pyrrole when the two units are 

polymerized concurrently. Diaz and Bargon (1986) report 0.33 charges/pyrrole unit in 

as-polymerized films of polypyrrole but these values, obtained from chemical analysis may 
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not all represent exchangeable charges as required in electrochemical doping and 

undoping. 

5.4.2 Cell Capacity and Energy Density 

In Table 5.3, values of stored capacity for the polymer cathode, as released after a 

one hour charge in the experiments shown in figures 4.4 and 4.5 or as a complete 

discharge seen in figure 4.6. The energy density calculations in Table 5.3 were obtained by 

integrating the discharge portion of the curve. In addition to the weight of the polymer 

cathode, an electrolyte mass equivalent to the cathode mass was added in order to dissolve 

the lithium perchlorate at 2M in the discharged condition and allow for adequate 

separation of electrodes, 3.6'< the weight of the cathode. The weight of the lithium anode 

is estimated at 1/10 that of the cathode. This anodic mass is enough to react with the fiill 

discharge of the cathode and is an adequate electrode thickness (1 micron) for realistic 

processing. 

Table 5.3. Constant Current Comparison of Copolymer and Polypyrrole Energy Densities 
and Storage Capacity 

Current 
f'<10'^) Amps 

Storage Capacity (mAhr/g) Energy Density (Wh/kg) Current 
f'<10'^) Amps Copolymer Polypyrrole Copolymer Polypyrrole 

50 12.0 5.45 7.1 2.2 

100 22.5 12.12 9.6 6.0 

150 32.5 18.5 16.5 9.4 

200 42.5 — 22.5 — 

fiill chg. 30 44.4 55.5 23.9 28.3 
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Some of these values are notably smaller than values found in the literature which 

range in storage capacity of 33-70 mAh/g (Osaka and Naoi, 1987; Corradini and 

Mastragostino, 1987; Yoneyama and Li, 1992). There are two reasons for this. The 

experiment shown in figures 4.4 and 4.5 was done by charging for only one hour, not to 

the full usable potential range of the sample. In addition this experiment allowed one hour 

for the sample to self discharge. By contrast other authors have constant current tested 

polypyrrole by charging to 3.8 volts followed by immediate discharge down to 2.5 volts. 

Given these two factors, the results reported in Table 5.3 appear to coincide with 

literature reports. 

The result of charging the copolymer material, followed by open circuiting shows 

the final change in potential increases significantly when compared to polypyrrole charged 

at the same rate. Because copolymer was doped to a higher change in potential than was 

polypyrrole, for a given rate, the sample was doped more efiBciently, than was polypyrrole. 

Efficiency in this context is defined as (charge output/charge input) for a charge-discharge 

cycle. Table 5.4 shows calculated electrode efiBciencies. Upon discharge the copolymer 

sample appears to have a superior capacity when in fact the sample was simply doped 

more efiBciently to relatively higher potentials. This is believed to be due to slower ion 

diflEiision in the pyrrole. Hence polypyrrole is not able to incorporate the perchlorate ion 

as quickly as copolymer. Excess current, forced to flow in these experiments, would then 

cause side reactions to the electrode or solvent breakdown as the potential rises too high. 
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Table 5.4. Constant Current Comparison of Copolymer 
and Polypyrrole EflSciency 

Current 
(x 10"^) Amps 

EfiRciency % 
Current 

(x 10"^) Amps Copolymer Polypyrrole 

50 90 37 

100 63 42 

150 61 42 

200 61 — 

The values seen here reflect the difference in the capacity of the samples. At any absolute 

potential polypyrrole will have a higher capacity than copolymer, these average values 

must be viewed knowing that polypyrrole has a larger initial, or final concentration. The 

average current values reported in Table 4.2, may be thought of as the optimal doping and 

undoping currents that the samples may pass without damaging the samples or lowering 

the electrode efficiency. 

5.4.3 Lithium Doping 

Lithium doping of polypyrrole opens the possibility for 'rocking-chair' cells. The 

discharge curves seen in figures 4.21 and 4.22 show the potential profile of an electrode 

that is discharged in the lithium region. The capacities of both electrode materials are 

poor compared to perchlorate doping and therefore, the lithium electrode of a rocking-

chair battery would need five times the volume to make up for the poor lithium capacity. 

The copolymer shows slightly higher capacity than polypyrrole. An increased dififiision 

coefiBcient would result in higher current densities than polypyrrole. The one hour open 
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circuit decays are likely to reflect difiusion redistribution efifects rather than true decay. 

DiSiisional gradient will be particularly important in samples which have been taken 

through the insulating region, 2-2.5 volts. Longer term loss of capacity, shown in figure 

3.27 real. Based on figure 4.23, the storage life of a lithium doped cell is quite poor for 

both materials. 

Lithium doping in general was not stable for either material. While individual 

experiments were repeatable, to within a few minutes discharging, both cells stopped 

fijnctioning after approximately one month of experiments. There was no visible sample 

damage or discoloration of electrolyte, the samples just stopped excepting charge. 

Table 5.5. Storage Capacity of Lithium Doped Electrodes 

Current 
('^lO'®) Amps 

Storage Capacity (mA/g) 
Current 

('^lO'®) Amps Copol3Tner Polypyrrole 

50 15.9 14.25 

100 7.17 8.5 

150 6.98 5.73 

5.4.4 Stability 

Neither copolymer nor polypyrrole show significant degradation over 200 cycles to 

3.6 volts. Polypyrrole shows better charge retention over a one week period. However, 

the loss of charge is more likely to reflect the position of the band gap near 2.5 volts, 

coupled with a redistribution of charge, than an actual loss of charge. This is supported by 
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the large rebound in the potential at the end of the discharge and by the rapid decrease in 

potential during the first hour (figure 4.13). 

The cyclability of both electrode materials was shown in figures 4. II and 4.12. 

Both materials were charged and discharged 200 times without losing any capacity. The 

diflference in the capacity of polypyrrole and copolymer may be explained by the fact that 

the rate of charging was so fast in the polypyrrole experiment. The faster rate did not 

allow time for ionic redistribution within the bulk of the electrode. Therefore, when the 

surface potential of the polypyrrole sample reached the cutoff voltage, the bulk of the 

electrode was not doped as highly. With no appreciable loss in capacity, both materials, 

based solely on cycling would make excellent choices for lithium battery electrodes. 

5.4.4.1 Overcharge Potential 

Figure 4.16 and Table 4.3 show that copolymer suffers fi^om irreversible capacity 

loss at 4.1 volts. The overcharge potential for polypyrrole as reported by Novak et al. 

(1991) is 3.9 volts. Therefore, the copolymer electrode yields a 0.2 higher peak voltage 

which is desirable for applications requiring higher power needs. True degradation does 

set in at 4.1 volts, (figure 3.20) whereas overoxidation of polypyrrole is reported to occur 

at 3.9 volts versus lithium as mentioned above. 
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5.4.4.2 Atmospheric Induced Capacity Decay 

Atmospheric degradation does occur, possibly due to water vapor uptake, as 

mentioned in Chapter 2. Street et.al. reports a decrease in conductivity of polypyrrole 

films of 20% per year in air. In figures 4.17-4.20 it can be seen that the loss in storage 

capacity is linear where 25 degrees lost 22%, 50 degrees lost 53% and 75 degrees lost 

76%. 
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Chapter 6 

CONCLUSIONS 

This project investigated the electrochemical behavior of polypyrrole and pyrrole-

ethyleneoxide copolymers as cathodes for lithium batteries. The basis for this work was 

the need to increase the difiusion kinetics of polypyrrole electrodes to produce higher 

currents and power densities in lithium batteries made with these electrodes. 

The diffusion coefiBcient was found, for the perchlorate ion, using two different 

techniques and the copolymer material was found to have an order of magnitude faster 

diffiision across the electrolyte-electrode interface. Additionally, the capacity of the 

copolymer electrodes was very close to polypyrrole, and the band gap of the electrode 

was shifted in the oxidizing direction by 0.3 volts. Batteries made with copolymer 

electrodes would, therefore, have significantly higher power densities than a polypyrrole 

based battery. The detrimental effects of the ethylene oxide include less reversibility and a 

slightly nonsymmetrical oxidation and reduction reaction. 

Other inherent problems with conductive polymer batteries such as high self 

discharge and low capacity were not influenced positively by the addition of the 

ethyleneoxide side group. 

Lithium ions were doped into the electrodes and were successfully discharged. 

Lithium doping, however, was found to not be easily done, and problems with self 

discharge were found to be more pronounced than the perchlorate doped electrodes. 
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However, attainment of an all polymer battery is quite feasible using a perchlorate doped 

electrode against a lithium doped electrode. An all polymer battery would ofiFer great 

savings in weight when compared with ceramic systems currently in production. 
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