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ABSTRACT 

A mathematical model to simulate the charge/discharge behavior of a lithium/lithium perchlorate-propylene carbon- 
ate/polypyrrole (Li/LiC104-PC/PPy) secondary battery cell is presented. The model can be used to gain a better under- 
standing of the behavior of this cell and to provide guidance toward the design of new secondary batteries which utilize an 
electronically conductive polymer such as polypyrrole (PPy) as the cathode. The model includes the capability of han- 
dling charge and discharge behavior and is used to study the effect of various design parameters on the performance of the 
cell. 

In  recent years, much research has been done on the lith- 
ium/polypyrrole (Li/PPy) secondary battery system (1-5). 
Combining PPy with li thium in a secondary battery pro- 
vides an inexpensive and noncorrodible battery with a 
high cell potential and unusual  design flexibility. Several 
authors (1-5) have investigated the charge/discharge be- 
havior of a Li/PPy cell. 

Mtinstedt et al. (1) built  and tested thin Li/LiC104-PC/ 
PPy  cells which showed excellent cyclability and stability 
without significant loss of capacity. PPy was found to be 
far superior to polyacetylene as an electrode material. 
Osaka et al. (2-3) obtained a high charge-discharge effi- 
ciency for a Li/LiC104-PC/PPy cell. Using potential step 
chronoamperometry together with ac impedance meas- 
urements,  they observed a strong relationship between 
doping charges and the apparent diffusion coefficients for 
species in the PPy electrode. Their data suggested that the 
morphology of thin PPy films is an important factor in de- 
termining the electrochemical kinetics of the dopants in 
PPy films. Trinidad et al. (4) observed that the coulombic 
efficiency for these batteries is better than 90%. They sug- 
gested that it is necessary to increase the capacity of the 
cell and decrease the losses in cycling for full utilization of 
PPy as a cathode in a rechargeable lithium cell. Panero 
et al. (5) observed a high charge rate, a high coulombic ef- 
ficiency, and a good cyclability of a PPy film electrode. 
Naoi et al. (6-7) reported the superiority of the charging- 
discharging performance of l i thium batteries employing 
modified PPy with nitril rubber. The PPy film formed with 
the aid of nitril rubber  showed a highly enhanced anion 
doping-undoping process because it has a rough, porous 
structure in the direction perpendicular to the current col- 
lector substrate. 

Although the Li/PPy system has already attracted con- 
siderable attention in battery technology as discussed 
above, a secondary battery system based on the PPy is still 
in the experimental stage and the charge transport process 
within the solid PPy is not fully understood. To gain a bet- 
ter understanding of the dynamic behavior and to provide 
guidance toward better designs of new secondary batteries 
utilizing electrochemically conductive PPy, a one-dimen- 
sional mathematical model is presented here for the 
Li/PPy system. The model is an extension of previous 
work (8), which consists of a model to simulate potentio- 
static cyclic voltammograms for a PPy film on a rotating 
disk electrode. A whole prismatic cell is considered here, 
consisting of a PPy positive electrode which has been elec- 
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trochemically synthesized on a plat inum current collector, 
a reservoir containing the electrolyte, a separator consist- 
ing of a porous inert material, and a lithium metal negative 
electrode. 

The model is used to predict the dynamic behavior of the 
cell during charge and discharge at constant applied cur- 
rent density. The spatial and time dependence of concen- 
tration, overpotential, and electrode capacity profiles 
within the cell are presented. Also, the effects of various 
design parameters, such as the thickness of the PPy elec- 
trode, the reservoir, and the separator, are discussed. 

Description of System 
Figure 1 shows schematically the Li/LiCIO4-PC/PPy sec- 

ondary battery system used in this study. The cell contains 
a plat inum current collector which is electrochemically 
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Fig. 1. Schematic of a typical Li/LiCIO4-PC/PPy secondary battery cell 
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c o a t e d  w i t h  P P y  fi lm as a pos i t ive  e lec t rode ,  a n  e lec t ro ly te  
reservoi r ,  a separa tor ,  a n d  a l i t h i u m  nega t i ve  e lec t rode .  
The  e lec t ro ly te  in  th i s  ease  cons i s t s  of  1M LiC104 in  propyl -  
e n e  c a r b o n a t e  a n d  is r e fe r red  to as a b i n a r y  e lec t ro ly te  be-  
cause  i t  is a s s u m e d  t h a t  LiC104 d i ssoc ia tes  in  p r o p y l e n e  
c a r b o n a t e  in to  cha rged  Li  + a n d  C 1 0 (  spec ies  (9). Befo re  
t h e  desc r ip t i ve  e q u a t i o n s  for  t he  m o d e l  are p r e sen t ed ,  it is 
c o n v e n i e n t  to  d i scuss  t he  p rope r t i e s  of ma te r i a l s  u s e d  in  
th i s  s t u d y  a n d  the i r  m a t h e m a t i c a l  t r e a t m e n t .  

Electrochemistry.--During cha rge /d i s cha rge  p roces se s  
w i t h  a c o n s t a n t  c u r r e n t  dens i t y  (i~n), t he  e l e c t r o c h e m i c a l  
r eac t i on  occu r r i ng  at  t h e  p o r o u s  P P y  pos i t ive  e l ec t rode  is 
a s s u m e d  to b e  a d o p i n g - u n d o p i n g  of  t he  p e r c h l o r a t e  
an ion ,  e.g. 

discharge o 
PPy+CIOC + e- ~ P P y  + Cl04 [1] 

charge 

w h e r e  ppyo  a n d  PPy+ are  t h e  r e d u c e d  a n d  ox id ized  f o r m s  
of  PPy .  Here ,  t he  p o l y m e r  i t se l f  loses  (on charge)  or  ga ins  
(on d i scha rge )  e l ec t rons  in i ts s t ruc ture .  The  c o u n t e r i o n  
(C1Oc) is i n c o r p o r a t e d  in to  t he  sol id  s t r u c t u r e  of  P P y  to 
p r o d u c e  e lec t ros ta t i c  neu t r a l i t y  a n d  is o f t en  r e fe r red  to as 
a dopan t .  T h e  e l ec t rochemica l  r eac t ion  at  t he  l i t h i u m  nega-  
t ive  e l ec t rode  is a s s u m e d  to b e  t he  d i s so lu t i on  a n d  deposi -  
t i on  of  t h e  l i t h i u m  cat ion,  e.g. 

discharge + 
L] ~ Li  +e-  [2] 

charge 

There fore ,  t h e  overa l l  r eac t ion  w i t h i n  t he  L i / P P y  second-  
a ry  b a t t e r y  cell  is 

discharge 
P P y + C 1 O c + L i  ~ P P y ~  § 

charge 
[3] 

Properties of electrotyte.--Measurements of t he  phys i ca l  
a n d  s t ruc tu ra l  p rope r t i e s  of  1M LiC104-PC were  c o n d u c t e d  
b y  Kel le r  et al. (9, 10). The  e q u i v a l e n t  m o l a r  c o n d u c t a n c e  
of  1M LiC104-PC (A) was  ca lcu la ted  b y  a g r aph i ca l  
e x t r a p o l a t i o n  of  t he  e q u i v a l e n t  c o n d u c t a n c e  p lo t t ed  vs. 
t h e  s q u a r e  roo t  of  t he  c o n c e n t r a t i o n  a n d  was  r e p o r t e d  as 
5.640 cm2/~2-mol. The  t r a n s f e r e n c e  n u m b e r  of  a Li  + (t+) in  
1M LiC104-PC was  r e p o r t e d  as 0.19 b y  t h e  H i t t o r f  m e t h o d .  
F r o m  t h e s e  e x p e r i m e n t a l  m e a s u r e m e n t s ,  t he  n e c e s s a r y  
p a r a m e t e r  va lues ,  w h i c h  are  cu r r en t l y  no t  ava i l ab le  f rom 
l i te ra ture ,  can  b e  ca lcu la ted  b y  u s i n g  t he  r e l a t i onsh ip  
g i v e n  b y  N e w m a n  (11). 

The  ionic  e q u i v a l e n t  c o n d u c t a n c e  of  spec ies  i (k-~ in  a bi- 
n a r y  e lec t ro ly te  c an  b e  o b t a i n e d  b y  u s i n g  t he  t r a n s f e r e n c e  
n u m b e r  of  species  i a n d  t he  e q u i v a l e n t  m o l a r  c o n d u c t a n c e  
[p. 230 of  Ref. (11)] 

hi = ti A [4] 

a n d  is r e l a t ed  to t he  ionic  mob i l i t y  of  spec ies  i (ui) b y  
[p. 229 of  Res  (11)] 

hi = IzilF2ui [5] 

w h e r e  zi r e p r e s e n t s  t h e  c h a r g e  n u m b e r  o f  spec ies  i. T h e  
ionic  d i f fus ion  coeff ic ient  for  spec ies  i (Di) c an  be  t h e n  ob- 
t a i n e d  b y  t he  N e r n s t - E i n s t e i n  e q u a t i o n  [p. 229 of  Ref. (11)] 

Di = RTui [6] 

T h e  phys i ca l  a n d  t r a n s p o r t  p rope r t i e s  of  1M LiC104-PC 
e lec t ro ly te  d i s c u s s e d  a b o v e  are  s u m m a r i z e d  in  Tab le  I. 

Properties of PPy.--During c h a r g e  a n d  d i s c h a r g e  pro- 
cesses ,  t he  P P y  film n o r m a l l y  cons i s t s  of  two d i s t i nc t  sites: 
t h e  d o p e d  si tes  cons i s t i ng  of  PPy+ a n d  u n d o p e d  si tes  con-  
s i s t ing  of  ppyo  as s h o w n  in Eq. [1]. Thus ,  on ly  a few meas-  
u r e m e n t s  of  t he  p rope r t i e s  of  t h e  P P y  film h a v e  b e e n  re- 
por t ed ,  a n d  t h e s e  are  ve ry  l imi ted,  to t h e  ful ly ox id ized  or 
r e d u c e d  s ta tes  as  s h o w n  in  Tab le  II  (12). One  pos s ib l e  ap-  
p r o a c h  to o b t a i n  t he  n e c e s s a r y  p a r a m e t e r  va lues  a t  a n  in- 
t e r m e d i a t e  s ta te  is t h a t  t he  p rope r t i e s  of  P P y  at  a n  in ter -  
m e d i a t e  s ta te  c an  be  c o n s i d e r e d  as f u n c t i o n s  of  i ts  d o p i n g  
(ox ida t ion)  s ta te  (13). 

Table I. Physical and transport properties of 1M LiCIOrPC 
electrolyte at 2S~ 

Equivalent molar conductance (A) 
Transference number for Li + ion (t+) 
Transference number for C1OC ion (t_) 
Ionic conductance for Li + ion (k+) 
Ionic conductance for C1OC ion (k-) 
Mobility for Li + ion (u+) 
Mobility for C10( ion (u-) 
Diffusion coefficient for Li + ion (D+) 
Diffusion coefficient for C10( ion (D_) 

5.640 cm2/D~moP 
0.190 a 
0.810 ~ 
1.072 cm2/~-mol b 
4.568 cm2/Drmol b 
1.151 • 10 -~~ cm2-moYJ-s b 
4.907 x 10 -~~ cm2-mol/J-s b 
2.853 x 10 -v cm2/s b 
1.216 x 10 -6 cm2/s b 

Reference concentration of Li + ion (c+,~f) 0.001 moYcm 3 b 
Reference concentration of C104- ion (c_~f) 0.0Ol moYcm 3 b 

Obtained from Ref. (10). 
b Calculated by using relaUonship given in Ref. (11). 

I t  is c o n v e n i e n t  to def ine  the  f rac t ion  fac tor  of  t h e  dop-  
ing  level  of  PPy ,  0, as fol lows 

k 
0 - [7] 

hmax 

w h e r e  h r e p r e s e n t s  t h e  degree  of  t h e  par t ia l  ox ida t i on  of  
P P y  (i.e., t h e  ra t io  of  one  d o p e d  a n i o n  to t h e  n u m b e r  of  
pyr ro le  m o n o m e r  uni t s )  a n d  hmax r e p r e s e n t s  t h e  m a x i m a l  
d o p i n g  level.  S ince  0 var ies  l inear ly  w i t h  t h e  a m o u n t  of  ox- 
id ized  PPy ,  0 c an  b e  e x p r e s s e d  b y  t h e  c o n s u m e d  faradaic  
c h a r g e  of  t h e  P P y  film, Qf, as fol lows 

Qf - Qf, red 
6 - [8] 

Qf.oxd -- Qf, red 

w h e r e  t h e  subscr ip t s ,  oxd  a n d  red,  r e p r e s e n t  t h e  fully oxi- 
d ized  a n d  r e d u c e d  states.  I t  is n o t e d  t h a t  0 = 0 for  a ful ly re- 
d u c e d  P P y  film w i t h  a m i n i m a l  fa radaic  charge ,  Qf,~ed, a n d  
0 = 1 for  a ful ly ox id ized  P P y  film wi th  a m a x i m a l  fa rada ic  
charge ,  Qf.oxd. 

T h e  mi c ro s co p i c  s t r u c t u r e s  a n d  t h e  p rope r t i e s  of  t he  
P P y  e lec t rode  at  i n t e r m e d i a t e  s ta te  can  be  c o n s i d e r e d  as 
f u n c t i o n s  of  0 = 0 as s u m m a r i z e d  in  Tab le  III. T h e  po ros i ty  
of  t h e  P P y  film, %, is g o v e r n e d  b y  a ma te r i a l  b a l a n c e  on  t he  
sol id  p h a s e  b e c a u s e  t h e  d en s i t y  of  t h e  P P y  c h a n g e s  w i t h  
d o p i n g  level  d u e  to t h e  a m o u n t  of  d o p e d  anion ,  a n d  can  be  
e x p r e s s e d  in  t e r m s  o f  0 as fol lows (14) 

ep = 0eoxd + (1 -- 0)~re d [9] 

w h e r e  0 r e p r e s e n t s  t h e  a m o u n t  of  ox id ized  P P y  a n d  (1 - 0) 
r e p r e s e n t s  t h e  a m o u n t  of  r e d u c e d  PPy .  T h e  e l ec t ron ic  con-  
d u c t i v i t y  of  P P y  film (ap) is o b t a i n e d  in  a l ike  m a n n e r  (14) 

ap = O~oxd + (i -- O)~red [i0] 

Model Development 
T h e  m o d e l  p r e s e n t e d  he re  is for p r e d i c t i n g  t h e  charge /  

d i s cha rge  b e h a v i o r  of  t h e  L i / P P y  s e c o n d a r y  b a t t e r y  cell  a t  
a c o n s t a n t  c u r r e n t  d en s i t y  (icen). F i g u r e  1 s h o w s  t h a t  t he  
m o d e l  of t h e  cell  cons i s t s  of  t h r e e  m a i n  regions ,  two  
b o u n d a r i e s ,  a n d  t w o  in ter faces .  O n e  o f  t h e  b o u n d a r i e s  is 
o n  t h e  lef t  a t  y = 0, a n d  is u s e d  to r e p r e s e n t  t h e  i n t e r f ace  
b e t w e e n  a p l a t i n u m  c u r r e n t  co l lec tor  a n d  t h e  P P y  pos i t ive  
e lec t rode .  T h e  first  r eg ion  ( region 1) o n  t h e  left  is a p o r o u s  
P P y  pos i t ive  e l ec t rode  of  w i d t h  ~pe. T h e  first  i n t e r face  is 
b e t w e e n  t h e  P P y  pos i t ive  e l ec t rode  a n d  a r e se rvo i r  at  
y = Ype. T h e  s e c o n d  reg ion  ( region 2) is a n  e lec t ro ly te  reser-  
vo i r  of  w i d t h  Bre- T h e  s e c o n d  in te r face  is b e t w e e n  t h e  reser-  

Table II. Properties of PPy film 

Maximal doping level of PPy film (k~,) 
Faradaic charge of fully oxidized PPy film (Qf, oxd) 
Faradaic charge of fully reduced PPy film (Qf.r~) 
Porosity of fully oxidized PPy film (eoxd) 
Porosity of fully reduced PPy film (e~) 
Conductivity of fully oxidized PPy film (aoxd) 
Conductivity of fully reduced PPy film (arod) 

0.30 a 
120.0 C/cm 3 
1.0 x 10 s C/cm ~ 
7.0 x 10 _3 
1.0 x 10 -2 
200.O/~-cm b 
1.0 x 10 s/~-cm b 

a Obtained from Ref. (5). 
b Obtained from Refi (12). 

Downloaded 13 Jun 2011 to 129.252.106.20. Redistribution subject to ECS license or copyright; see http://www.ecsdl.org/terms_use.jsp



J. Electrochem. Soc., Vol. 137, No. 5, May 1990 �9 The Electrochemical Society, Inc. 1329 

Table III. Summary of electrochemical properties of PPy film as 
functions of its doping state 

fully reduced polypyrrole 

I ~=0.0 

Qt=Qt.,,.., 
0=0.0 

G----fired 

intermediate 
state 

W 
0 

fully oxidized polypyrrole 

Qt=faytdt 
~ = ( Q t - Q t . r e d ) / ( Q t . o x d - Q r . r , d )  

e=eeo,d+(l-e)e,,d 

a=eUo,d+(1-e)a,,d 

Qr=qf.o,.., 
8=1.0 
E=Eozd 

(7~(7ozd 

voir and a separator at y -- Yre- The third region (region 3) is 
the separator of width 8~. The second boundary condition 
is at y = y~ and is between the separator and the lithium 
negative electrode. 

In  all of the regions of the cell, the unknowns  are the 
concentration ofLi + (c+), the concentration ofC10- (c_), the 
local faradaic charge per uni t  volume (Qf), the potential of 
the solid phase (~),  and the potential of the solution phase 
(~P2)- Values for the unknowns depend on the perpendicu- 
lar distance from the plat inum current collector of the PPy 
positive electrode (y) and time (t), and they are obtained by 
solving the system of governing equations and assump- 
tions for each region of the cell described next. 

Porous  po lypyrro le  pos i t i ve  e l ec t rode . - -S ince  the PPy 
positive electrode region consists of a solid phase of con- 
ducting polymer and a solution phase of an organic elec- 
trolyte that penetrates the void spaces in the porous struc- 
ture, Newman's  (15) porous electrode theory is applied to 
this region. Macroscopic properties are used to describe 
physically the porous material in terms of simple measur- 
able parameters without regard to the actual geometrical 
details of the pore structure. Two of these properties are 
the porosity (%) and the tortuosity (T). The porosity repre- 
sents the void volume fraction occupied by the electrolyte 
within a volume element of the electrode. The tortuosity is 
a property of the porous structure and is assumed to be re- 
lated simply to the porosity as follows (16) 

"I" = ep - e x  [ i i ]  

where ex is a constant and is set equal to 0.5 here. 
The properties of the electrolyte within the PPy positive 

electrode (diffusivity, mobility, ionic conductivity, etc.) 
must  be modified to account for the porous nature of this 
region. The effective diffusivity (D~.p) and mobility (u~,Q of 
species i within the porous structure are related to the free 
stream diffusivity (Di) and mobility (ui) as follows (16) 

Di, p = Diep l+ex [12] 

Ui, p = Uiep l+ex [13] 

The effective solution conductivity (K o) within the porous 
structure, which is related to the solution concentration 
and free stream solution conductivity (K), can be expressed 
as follows 

Kp = Kep l+e~ [14] 

where 

K = F 2 E z i2u ic i  [15] 
i 

M a t e r i a l  ba lance  f o r  d isso lved  spec ies . - -To  account for 
the non-homogeneous structure of the PPy film, averaging 
is applied to the local variables within a volume element 
throughout the porous PPy positive electrode (15). The dif- 
ferential material balance equation is formulated for a dis- 
solved species i in terms of average quantities as follows 
(15) 

~pCi 
- -V - Ni.p + R'l,i [16] 

at 

where c~ represents the concentration of species i per uni t  
volume of electrolyte within the porous matrix, %ci repre- 
sents the average concentration per total unit  volume in- 
cluding the solid polymer phase and the electrolyte that 
occupies the space within the matrix, and R 'u  is the con- 
sumption or production rate of species i due to a pseudo- 
homogeneous reaction (electrochemical reaction [1]) or 
double layer charging within the porous PPy electrode. 

The flux of species i within the porous region (Ni.p) is due 
to migration in the electric field and diffusion in the con- 
centration gradient and is expressed as follows (15) 

Ni,p = - Z i U i , p F C i V ~  2 - Di,pVci [17] 

where cP2 is the potential in the solution phase within the 
porous region�9 

The consumption or production rate of species i within 
the porous PPy electrode (R'l,i) is due to a pseudo- 
homogeneous reaction (electrochemical reaction [1]) and 
double layer charging (11) 

Sl,i 
R'i,i = - n lF a3~ [18] 

where s~.i is the stoichiometric coefficient of species i for 
the electrochemical reaction [1], nt is the number  of elec- 
trons transferred for the electrochemical reaction [1], a is 
the specific interracial area per unit  volume, and j~ is the 
transfer current density (i.e., current passed per unit  of 
electroactive surface area, A/cm2), as discussed below in 
the Transfer current section. It should be noted that s u is 
positive for an anodic reactant and negative for a cathodic 
reactant. 

A one-dimensional material balance equation for species 
i can be obtained by substituting Eq. [17] and [18] into 
Eq. [16] 

01EpCi Zi F ( 0ui'p t~(I~2 0C i 0(I~ 2 02qv~2~ 
-- C i -  -b U i p -  -~ UipCi -~ .2  l 

Ot \ - ~ y  Oy ' Oy Oy ' Oy / 

( O D i , p O C i  02Ci~ Sl,i 
+ + Dip - - -  aji 

\ o y  oy n,F 
[19] 

Curren t  d e n s i t y . - - T h e  total current density flowing 
through the cell (/cell), as shown in Fig. 1, is defined to be 
the sum of the superficial current density in the solid 
phase (il) and the superficial current density in the solu- 
tion phase (i2) 

i~e, = il +/2 [20] 

It is assumed that the superficial current density in the 
solid phase (i~) is due to the movement  of electrons and is 
governed by Ohm's law (15) 

ogP~ 
il = - % - -  [21] 

oy 

and the superficial current density in the solution phase 
(i2) is due to the movement  of charged species (11) 

i2 = F ~ ziNi, p [22] 
i 
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Subs t i tu t ing  the  y c o m p o n e n t  of  Eq. [17] into Eq. [22] 
yields 

i2 0(])2 (~c i 
. . . .  Kp Oy F ~i ziDi'p ~y  [23] 

where  Kp is the  effect ive conduc t iv i ty  of  the  solut ion phase  
def ined in Eq.  [14]. The  second t e rm on the  r ight  in Eq. [23] 
represen ts  the  concent ra t ion  potential ;  this t e rm will  dis- 
appear  i f  the  ionic diffusion coefficients  are  all the  same, 
wh ich  is not  the  case here. Subs t i tu t ing  Eq. [21] and [23] 
into Eq. [20] yields 

O~Pl 0@2 Oci 
icon = - % - -  - K p - -  - F ~ ziDi,p [24] 

Oy Oy ~ ~ y  

Transfer  current . - -The  local t ransfer  current  pe r  uni t  
vo lume ,  ajl, is def ined by the  current  t ransferred f rom the  
solut ion phase  to the  solid phase  as fol lows 

ajl = - V  �9 il = V - i 2 [25] 

Subs t i tu t ing  Eq. [23] into Eq. [25] yields 

02(I)2 0Kp 0@ 2 02Ci 
ajl = --Kp F ~ ziDi,p 

Oy 2 Oy Oy "T Oy 2 

ODi,p Oci 
- F ~ zi [26] 

i Oy Oy 

The  local t ransfer  current  consists  of  two te rms  (17-18) 

ajl : a j f  + ajc [27 ]  

where  ajf and ajc represen t  the  faradaic and capaci t ive  
t ransfer  current  per  uni t  vo lume,  respect ively.  

The  faradaic t ransfer  current  per  uni t  v o l u m e  can be ex- 
pressed  in t e rms  of  the rate of  e lec t rochemica l  react ion [1], 
wh ich  is control led  pr imar i ly  by the  available e lec t roac t ive  
surface  area and the  t ransport  rate (diffusion and migra-  
tion) of  the  counter ion,  and is a s sumed  to be g iven  by the  
But le r -Volmer  equa t ion  as follows (8) 

c 

aj f=ai~  \ R T  

- 0 exp ~ ~h] [28] 

where  a is the  specific interfacial  area per  uni t  vo lume,  
i o l , r e f  is the  exchange  current  dens i ty  for the  react ion [1] at a 
g iven  reference  concent ra t ion  (c~.m), ~1 and ~c~ are anodic  
and ca thodic  t ransfer  coefficients,  and ~ is the  overpoten-  
tial for the  react ion [1]. The  term,  a(1 - 0), represents  the  
avai lable e lec t roact ive  surface area for anodic  react ion (ox- 
idation) and a0 represents  the  available e lec t roact ive  sur- 
face area for ca thodic  react ion (reduction). Note  that  the  
fract ional  dop ing  level  0, which  depends  on Q~ (see Eq.  [8]), 
is a s sumed  to be a mul t ip t ica t ive  factor in the  ca thodic  
por t ion  of  the  But le r -Volmer  equation�9 Thus,  before  charg- 
ing of  the  P P y  film (i.e., with  0 = 0), no charge can be  ex- 
t rac ted  f rom the  film. Anodic  and cathodic  current  densi- 
t ies are taken  to be  posi t ive  and negative,  respect ively.  
Note  also that  aa~ + ac~ = n~. 

The  overpotent ia l  is def ined as 

~1 = (qh - r - (02 - Ore) -- U1 [29] 

w h e r e  cp~ is a re ference  potent ia l  and U~ is the  theoret ica l  
open-c i rcui t  potent ia l  for react ion [1] at a g iven  concentra-  
t ion (c~). U, is g iven  by 

RT ( 0 ) 
U1 = Ul,~e - - -  In [30] 

n lF  

where  Ul.ref is the  open-ci rcui t  potent ia l  for react ion [1] at a 
g iven  reference  concent ra t ion  (ci.~f). I t  can be  seen that  the  

local t ransfer  current  p red ic ted  by the But le r -Volmer  ki- 
net ic  express ion,  Eq.  [28], depends  on the  dif ference be- 
tween  the  potent ia l  of  the  solid phase  and that  of  the  adja- 
cen t  solut ion wi th in  the  porous  electrode.  

The  rate  of  accumula t ion  of  the  faradaic charge  wi th in  
the  P P y  film per  uni t  vo lume,  Qf, is a s sumed  to be  related 
to the  faradaic t ransfer  current,  ajf, as fol lows 

oQf 
- a b  [31] 

ot 

Subs t i tu t ing  Eq. [28] into Eq. [31] yields faradaic charge  
ba lance  for P P y  film 

oQf 
-- a lol , ref  

ot 

c f - . c , r  

The  anodic  faradaic current  t ransferred across the  porous  
P P y  film causes  react ion [1] to p roceed  in the  anodic  direc- 
t ion and causes charging  of  the  double  layer wi th in  the  
pores  of  the  PPy~film in a m a n n e r  consis tent  wi th  that  pro- 
posed  by Fe ldberg  (19). That  is, the  a m o u n t  of  capaci t ive  
charge  that  goes to charging the  double  layers wi th in  the  
pores  of  the  porous  film, Qc, is re la ted to the  a m o u n t  of  the  
faradaic charge  added  to the  po lymer  film by the  faradaic 
reaction,  Qf. Thus,  capaci t ive  charge  wi th in  the  P P y  film 
per  uni t  volume,  Qc, can be wr i t ten  by 

Qc = a* (~ - %zo) Qf [33] 

whe re  a* is a propor t ional  cons tan t  which  is a s sumed  to be  
i n d e p e n d e n t  of  potent ia l  and ~pzc is the  total  overpotent ia l  
across  the  double  layer at the  poin t  of  zero charge  (pzc) 
wh ich  is g iven  by 

~pzc = {(q)l - (Pre) -- ((I)2 -- (Pre) -- UJpzc [34] 

Dif ferent ia t ing  Eq. [33] yields capaci t ive  charge  ba lance  
for P P y  film 

oQr 
a* Q f - -  + (0 - ~p~r [35] 

Ot 

with  the  assumpt ion  that  (P~ = (O~)p~r Because  the  rate of  
accumula t ion  of the  capaci t ive  charge is re la ted to the  ca- 
paci t ive  t ransfer  current,  ajc 

ajc= a* (Qf~ + (~ - % z ~ ) ~ )  [36] 
\ ot 

The total  charge  accumula ted  wi th in  the  P P y  film per  
uni t  v o l u m e  (Qt) is defined to be the  sum of the  faradaic 
charge  (Qf) and capaci t ive  charge (Qc) 

Qt = Q~ + Qc [37] 

The  paramete r  va lues  used  to s imula te  the  e lec t rochemica l  
react ion rate and the  double  layer charge  in the  P P y  posi- 
t ive e lec t rode  have  been  summar ized  in Table  IV. 

Reservoir . - -The reservoir  is the  region be tween  the  P P y  
posi t ive  e lec t rode  and the separator,  and is filled wi th  the  

Table IV. Kinetic parameter values of polypyrrole positive electrode 

aiol.r~f 10.0 AIcm 3 
Ul.r~f 3.087V (vs. Li) 
nl 1 
Oral 0.7 
(~cl 0.3 
sla 0 
sl,2 1 
a* 2.8/V a 
~pze 2.7V (vs. Liy 

a Obtained from Ref. (14). 
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electrolyte,  1M LiC104-PC (see Fig. 1). The  flux of  species i 
w i th in  the  reservoir  (NO is 

Ni = - z i u i F c i V * 2  - DiVci [38] 

Subs t i tu t ing  Eq. [38] into Eq.  [16], wi th  R'~ equa l  to zero 
and % equa l  to one, yields the  mater ia l  balance for a dis- 
so lved species  i wi th in  the  reservoir  

-- ( 0 2 " 2 0 C i 0 " 2 1  / 0 2 C i \  
OCi % u i F  Ci "{- + Di [-ZE| [39] 
Ot Oy 2 ~y  --~y-/ \ Oy / 

Since  all the  cur ren t  f lowing th rough  the  reservoir  is car- 
r ied by the  electrolyte,  the  total  cur ren t  dens i ty  ( i c j  is ex- 
pressed  by the  superficial  cur ren t  dens i ty  in the  solut ion 
phase  (i2) which  is s imilar  to that  used  in the  posi t ive  elec- 
t rode  reg ion  excep t  that  the  free s t ream conduc t iv i ty  (K) 
and diffusivi ty  (Di) apply  (see Eq. [23]) 

i 2 K 0 * 2  c]Ci " . . . .  F Z ziDi - -  = /cell [ 4 0 ]  
0 y  i 0 y  

Since  there  is no solid material ,  the  faradaic charge  (Q0 
and the  solid potent ia l  ( '1)  are t rea ted as d u m m y  variables  
and are  arbi trari ly set equa l  to zero 

Qf = 0 [41] 

*I ---~ 0 [ 4 2 ]  

S e p a r a t o r . - - T h e  separa tor  consis ts  of  a porous  iner t  ma- 
terial  wh ich  is main ly  used  to p reven t  physical  contac t  be- 
tween  the  P P y  posi t ive  e lec t rode  and the  Li  nega t ive  elec- 
trode,  and a solut ion phase  which  fills the  void  spaces of  
the  porous  structure.  S ince  the  solid mater ia l  is inert,  the  
poros i ty  does  not  change  wi th  t ime  and is set arbitrari ly 
equa l  to a cons tan t  (i.e., e~ = 0.5). An  effect ive  diffusivi ty 
(Di.~) and mobi l i ty  (ui,~) of  species i and ionic conduc t iv i ty  
of  e lec t ro lyte  (K~) wi th in  the  separator  are ob ta ined  in the  
same  m a n n e r  as that  for the  P P y  posi t ive  e lec t rode  reg ion  
(see Eq.  [12]-[14]) 

Di,s = Dies l+ex [43] 

ui, s = UiEs l+ex [44] 

Ks = Ke~ '+~x [45] 

The  flux of  species i wi th in  the  separator  (Ni,~) is also g iven  
by an equa t ion  that  is s imilar  to that  for the  P P y  posi t ive  
e lec t rode  (see Eq.  [17]) 

Ni,s = - Z i U i , s F c i V * 2  - Di,sVCi [46] 

In  this case, mass  t ransfer  in the  separator  is governed  by a 
dif ferent ia l  mater ia l  ba lance  equa t ion  for species i 

oc, 05,2 oc, o,21 (o2ci  
e s ~ -  = z iUi ,sF | c i  ~ + + D i s  [47] 

\ Oy - -~y /Oy  ' \Oy 2] 

Since  the  solid mater ia l  is iner t  and all the  cur ren t  flow- 
ing  th rough  the  separa tor  is carr ied by the  electrolyte,  the  
total  cur ren t  dens i ty  (icen) in this region is expressed  by the  
superficial  cur ren t  dens i ty  in the  solut ion phase  (i2), which  
is s imilar  to that  used  in the  reservoir ,  wi th  the  excep t ion  
that  the  effect ive  conduc t iv i ty  (Ks) and diffusivi ty  (Di,~) 
apply  (see Eq. [40]) 

0*2 -- F ~ ziDi, s Oci = . 
i2 =--K~ O----y- if" Oy Zcell [48] 

B o u n d a r y  a n d  in ter face  cond i t i ons . - -To  comple te  the  
sys tem of equa t ions  for the  model ,  the  boundary  condi-  
t ions at each  end  of  the  cell  and inter-regional  interfaces 
m u s t  be  specif ied for the  d e p e n d e n t  variables:  c+, c_, Qf, *1,  
and  *3- Bounda ry  and interface  condi t ions  for these  de- 
p e n d e n t  var iables  are specif ied in the  order  of  the  posi t ive  
e lec t rode  to the  nega t ive  electrode.  The  porous  P P y  posi- 
t ive  e lec t rode  is b o u n d e d  by a p la t inum current  col lector  
on one  face (y = 0) and by the  reservoir  on the  o ther  

(Y = Ype). At  the  current  co l lec tor /PPy posi t ive  e lec t rode  
in ter face  (y = 0), the  normal  c o m p o n e n t  of  the  flux o f L i  + is 
a s sumed  to be  equal  to zero 

0*2 Oc+ 
-z+u+,pFc+ - D + , p - -  = 0 [49] 

Oy Oy 

The  rate of  consumpt ion  (charge) or  p roduc t ion  (dis- 
charge)  of  C 1 0 (  by the  e lec t rochemica l  react ion [1] is 
equa l  to the  ne t  normal  c o m p o n e n t  of  the  flux of  C1OC to- 
wards  or away f rom the  e lec t rode  

0* 2 Oc_ as1,- . 
-z_u_pFC_ - D_ p . . . . .  9, [50] 

Oy ' Oy n~F 

The  rate of  accumula t ion  of  the  faradaic charge  wi th in  the  
P P y  film per  uni t  volume,  Qf, is obta ined  by Eq. [32]. At  
this point,  all the  cur ren t  leaves the  cell  via  the  cur ren t  col- 
lector,  which  can be represen ted  wi th  cons tant  iceu 

0"1 
i 1 = - - O ' p - - =  ?'cell [ 5 1 ]  

oy 

0r Oci 
is = - K p -  --  F ~'. ziD i p -  = 0 

Oy T" ' Oy 
[52] 

At the  P P y  posi t ive  e lec t rode/ reservoir  interface,  the  
flux of  each species i across the  two regions  m u s t  be con- 
t inuous,  which  can be wri t ten  as follows 

0*2 Oci 0r Oci 
-Z iUi ,pFCi  - D i , p -  = - z i u i F c i -  - D i - - -  [53] 

Oy Oy Oy Oy 

In  a s imilar  manner ,  the  superficial  cur ren t  dens i ty  (is) in 
the  solut ion phase  is also taken  to be  cont inuous  across 
this interface,  so that  

i2 0*2 0C i 
. . . .  Kp Oy F ~i  ziDi'p ~ y  = icen [54] 

Because  the  solid e lec t rode  phase  ends  at this po in t  and all 
of  the  current  is in the  solut ion phase,  the  grad ien t  of  the  
faradaic charge  and the  solid potent ia l  are set equa l  to zero 

o_QQf - -0  

oy Ype 
[55] 

0@1 
~-Y ~pe = 0 [56] 

At  the  reservoir /separa tor  interface,  the  boundary  condi-  
t ions are der ived  in the  same m a n n e r  as those  for the  posi- 
t ive  e lec t rode/ reservoir  interface.  The  flux of  each  species i 
and the  superficial  cur ren t  dens i ty  in the  solut ion phase  
across the  two regions mus t  be  cont inuous  

0*2 Oci 0*2 Oci 
- z i u i F c i -  - D i -  = - z i u i , s F c i -  - D i , ~ -  [57] 

Oy Oy Oy Oy 

0*2 Oci 
is = - K s -  -- F ~  z i D i , s -  -- /cell 

Oy i Oy 
[58] 

At  this interface,  Qf and * ,  are t rea ted  as d u m m y  variables  
and are arbitrari ly set equa l  to zero. 

At  the  separator/Li  nega t ive  e lec t rode  interface,  the  rate 
of  c o n s u m p t i o n  (charge) or p roduc t ion  (discharge) of  a Li  + 
by  the  e lec t rochemica l  react ion [2] is equal  to the  ne t  nor- 
mal  c o m p o n e n t  of  the  flux of  Li  + towards  or away  f rom the  
e lec t rode  (20) 

0"2 0C+ $2,+ . 
-z+u+,sFc+ - D+,s - " 32 [59] 

Oy Oy n2F 
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The  n o r m a l  c o m p o n e n t  of  t h e  f lux of  C1OC is a s s u m e d  to 
be  e q u a l  to zero at  y = y~ 

OcP2 oc_ 
-z_u_,~Fc_ - D _ , ~ - -  = 0 [60] 

Oy Oy 

T h e  po t en t i a l  in  t h e  sol id l i t h i um  (r a t  t h i s  p o i n t  is se t  
a rb i t r a r i ly  e q u a l  to zero vo l t s  

(I) 1 = 0 [61] 

Th i s  is d o n e  to p r o v i d e  a r e fe rence  p o i n t  a n d  c o n s e q u e n t l y  
a pa r t i cu la r  so lu t ion  for  t he  model .  Of course ,  r cou ld  b e  
a l t e rna t ive ly  se t  to zero at  t he  o the r  e n d  of  t he  cel l  (i.e., at  
t h e  c u r r e n t  co l l ec to r fPPy  pos i t ive  e l ec t rode  interface) .  A t  
th i s  p o i n t  (y = y~e), all t h e  c u r r e n t  in  t he  cell  l eaves  t he  elec- 
t ro ly te  a n d  e n t e r s  t he  l i t h i u m  nega t i ve  e l ec t rode  b y  t he  
e l e c t r o c h e m i c a l  r eac t ion  [2] 

J2 = -i~dl [62] 

The  e l ec t rochemic a l  r eac t ion  of  t he  Li  nega t i ve  elec- 
t r ode  d u r i n g  cha rge /d i s cha r ge  is g iven  b y  Eq. [2]. T he  ra te  
of  th i s  r eac t i on  is con t ro l l ed  p r imar i ly  b y  t he  t r a n s p o r t  ra te  
(d i f fus ion  a n d  mig ra t ion )  of  t he  l i t h i u m  ca t ion  a n d  can  be  
e x p r e s s e d  b y  t he  faradaic  t r a n s f e r  c u r r e n t  d e n s i t y  for  reac- 
t i on  [2], J2, w h i c h  is a s s u m e d  to b e  g iven  b y  t he  But ler -Vol-  
m e r  e q u a t i o n  as fol lows (14) 

( - a c 2 F  ~ 
j2 = io2,ref { e x p  ( ~ T F  T]2) -  exp  ~ ' q 2 / j  [63] 

w h e r e  i0 ,2 , ref  r e p r e s e n t s  t h e  e x c h a n g e  c u r r e n t  d e n s i t y  for re- 
ac t ion  [2] a t  a g iven  r e fe rence  c o n c e n t r a t i o n  (q,r~f), a~2 a n d  
~ r e p r e s e n t  t h e  t r a n s f e r  coeff ic ients  for t he  anod ic  a n d  
t he  ca thod i c  d i r ec t ion  of  t h e  e l e c t r ochem i ca l  r eac t i on  [2], 
a n d  na is t he  ove rpo t en t i a l  for r eac t ion  [2]. Again ,  
OLa2 + (~c2 = n2, 

The  ove rpo t en t i a l  is de f ined  as 

~2 = (r - r - (r - r -- U2 [64] 

w h e r e  U2 is t he  theo re t i ca l  open -c i r cu i t  po t en t i a l  for reac-  
t i on  [2] at  t he  g iven  c o n c e n t r a t i o n  (c~ a n d  is g iven  b y  

RT ln ( Ci I [65] U2 = U2 ref -- - -  
' n2F \Ci,ref] 

Here,  U2,~f is t h e  open-c i rcu i t  po t en t i a l  for  r eac t i on  [2] at  a 
g i v e n  r e f e r ence  c o n c e n t r a t i o n  (ci.~r). 

S u b s t i t u t i n g  Eq. [63] in to  Eq.  [62] y ie lds  

io2,ref ~ - ~ - ~ 2 ]  - exp  ~ - - ~ - ' q 2 ] /  -Zc~H [66] 

T h e  p a r a m e t e r  va lues  u s e d  to s imu la t e  t h e  e l e c t r o c h e m i c a l  
r eac t i on  ra te  of  t he  l i t h i u m  nega t i ve  e l ec t rode  are  s u m m a r -  
ized in  Tab le  V. A c c o r d i n g  t 0 \ J a s i n s k i  (9), i t  c an  b e  con-  
e l u d e d  t h a t  Li/Li + ha s  a h i g h  e x c h a n g e  c u r r e n t  dens i t y  in  
1M LiC104-PC; at  leas t  on  t he  o rde r  of  2-5 m A / e m  2 for a 
s m o o t h  su r face  a n d  a ca thod ic  t r ans f e r  coeff ic ient  (~2) 
r a n g e d  f rom 0.66 to 0.72. 

Init ial  conditions.--Initial c o n d i t i o n s  are  n e c e s s a r y  for 
t h e  va r i ab l e s  w h i c h  d e p e n d  expl ic i t ly  on  t ime.  F o r  conven -  
ience ,  i t  is a s s u m e d  t h a t  t he  cell  is ful ly d i s c h a r g e d  a n d  
r e a d y  to b e  cha rged .  C o n s e q u e n t l y ,  t he  fa rada ic  c h a r g e  pe r  
u n i t  v o l u m e  in  t h e  P P y  film (Qf) is in i t ia l ly  se t  equa l  to  

Table V. Kinetic parameter values of lithium negative electrode 

io2,ref 0.002 A/cm ~ a 
U2,r~f 0.0V (vs. Li) 
n2 1 
~a2 0"3a 
ac2 0.7 ~ 
s2,1 -1  
s2,2 0 

Obtained from Ref. (9). 

Qr, r~, a m i n i m a l  c h a r g e  state.  Therefore ,  poros i ty  (%) a n d  
c o n d u c t i v i t y  (%) of  t he  P P y  fi lm are  in i t ia l ly  se t  e q u a l  to 
ered a n d  ared, va lues  a t  th i s  r e d u c e d  state.  T h e  c o n c e n t r a t i o n  
of  e a c h  spec ies  i t h r o u g h o u t  t he  cell  is se t  equa l  to  i ts refer-  
e n c e  c o n c e n t r a t i o n  

Ci = Ci,ref [67] 

T h e  c o n d u c t i v i t y  of  t he  e lec t ro ly te  (K) can  b e  o b t a i n e d  b y  
c o m b i n i n g  Eq. [15] a n d  [67]. The  o t h e r  d e p e n d e n t  va r i ab le s  
(oPt a n d  r do no t  r equ i r e  in i t ia l  c o n d i t i o n s  a n d  were  arbi-  
t ra r i ly  se t  e q u a l  to  zero at  t = 0 for  all y. 

Solution method. - -The g o v e r n i n g  equa t ions ,  b o u n d a r y  
cond i t ions ,  a n d  in te r face  c o n d i t i o n s  for  t he  d e t e r m i n a t i o n  
of  t h e  q u a n t i t i e s  c+, c_, Qf, r and  ~2 h a v e  b e e n  s u m m a r -  
ized in  Tab le  VI. The  s y s t e m  of  e q u a t i o n s  was  p u t  in to  fi- 
n i t e  d i f f e rence  fo rm a n d  so lved  as a f u n c t i o n  of  t i m e  a n d  
pos i t i on  b y  u s i n g  a n u m e r i c a l  t e c h n i q u e  re fe r red  to as 
N e w m a n ' s  p e n t a d i a g o n a l  b lock  m a t r i x  e q u a t i o n  so lver  
(21) a n d  impl i c i t  s t e p p i n g  (22). Once  t he  va lues  of  un-  
k n o w n s  (c+, c_, Qf, (Pl, a n d  r are  ob ta ined ,  va lues  ofiz a n d  
i2 for  e a c h  region,  a n d  Qc, can  be  o b t a i n e d  f rom t h o s e  de-  
p e n d e n t  va r i ab le s  u s i n g  Eq. [21], [23], a n d  [33]. T h e  to ta l  
c u r r e n t  dens i t y  (i~n) f lowing t h r o u g h  t h e  cell  is c o n s t a n t  
a n d  is e q u a l  to t he  s u m  of  t he  c u r r e n t  dens i t y  f lowing in  
t h e  sol id  p h a s e  (i~) a n d  t he  so lu t ion  p h a s e  (i2). 

Results and Discussion 
The  m o d e l  c an  be  u s e d  to s imu la t e  t h e  c h a r g e  a n d  dis- 

c h a r g e  d y n a m i c  b e h a v i o r  of  a typ ica l  Li /LiC104-PC/PPy 
s e c o n d a r y  b a t t e r y  cell  u n d e r  va r ious  o p e r a t i n g  cond i t ions .  
T h e  effects  of  va r ious  d e s i g n  pa r ame te r s ,  s u c h  as t he  
t h i c k n e s s  of  t he  e lec t rode ,  t h e  reservoir ,  a n d  t h e  separa tor ,  
etc., on  t h e  cell  d i s cha rge  p e r f o r m a n c e  cou ld  also b e  exam-  
ined ,  i f  des i red.  

T h e  f ixed p a r a m e t e r  va lues  in  p r e d i c t i n g  t h e  pe r fo rm-  
a n c e  of  t he  L i / P P y  cell  are g iven  in Tab le  VII.  A one  ~ m  
t h i c k  P P y  film was  u s e d  in  th i s  p a p e r  b e c a u s e  a h i g h  dop-  
ing  level  a n d  a h i g h  eff ic iency h a v e  b e e n  o b s e r v e d  for  th i s  
t h i c k n e s s  (5). To m i n i m i z e  o h m i c  loss in  a cell, t h e  separa-  
to r  was  c h o s e n  to h a v e  an  overa l l  po ros i ty  of  0.5 to  p e r m i t  
b e t t e r  d i f fus ion  a n d  m i g r a t i o n  of  t he  ions  b e t w e e n  t h e  
e lec t rodes .  T h e  t h i c k n e s s  of  t h e  r e se rvo i r  a n d  t h e  separa-  
to r  we re  c h o s e n  a rb i t ra r i ly  to  c o n t a i n  30% e lec t ro ly te  for  a 
ful ly  c h a r g e d  cell. S e p a r a t o r s  as t h i c k  as 25 ~ m  w o u l d  

Table VI. System of equations ~ 

A. Governing equations 

Variables Region i Region 2 Region 3 

C+ 19 39 47 
C- 19 39 47 
Qf 32 41 41 
�9 1 26 42 42 
�9 2 24 40 48 

B. Boundoryond interface conditions 

Variables y = O y = Yp~ Y = Yre Y = Yse 

c§ 49 53 57 59 
c- 50 53 57 60 
Qe 32 55 41 41 
r 51 56 42 61 
r 52 54 58 66 

a The numbers in the tables refer to the equation numbers in the 
text. 

Table VII. Fixed parameter values 

Operating temperature (T) 
Applied cell current density (icen) 
Geometric electrode surface area (A) 
Thickness of PPy positive electrode (5~) 
Thickness of reservoir (~ )  
Thickness of separator (Sse) 
Porosity of separator (e~) 

2 9 8 . 1 5  K 
0.2 mA/cm 2 
1.0 cm ~ 
1.0 ~m 
3.0 ~m 
2.0 ~m 
0.5 
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Table VI I I .  Characteristic electrochemical data for a one-square- 
centimeter Li/PPy cell during discharge 

5.0 

Mass of PPy positive electrode (M) 1.51 x 10-4g 4.~ 
Applied cell current (1~e]~) 0.2 mA 
Average cell potential (dp~) 3.152V 
Discharge time (td) ]65.0S 
Energy density 191.3 Wh/kg ~ 4.o 
Power density 41.7 W/kg ~ 

Based on the mass of the PPy positive electrode. 

cause a significant degradation in the performance of the 
cell. Consequently, it may be necessary to develop new 
methods of separator preparation to be able to build a 
practical cell. Parameters not referenced in Tables I 
through VII were selected arbitrarily. 

A typical charge/discharge curve at a constant current 
density of 0.2 mA/cm 2 for a Li/PPy cell with 1M LiC104-PC 
is presented in Fig. 2. The charge and discharge current 
densities are specified as being positive and negative, re- 
spectively, because of the chosen coordinate system. The 
cell potential, dP~u, represents the difference between the 
potential of the solid phase at the current collector of the 
PPy  positive electrode at y = 0 and that of the Li negative 
electrode at y = y~e. For convenience, the charge and dis- 
charge processes were terminated when the faradaic 
charge state of  the cell (Q#Qf.o~d) reached 99.9% and 0.1%, 
respectively. 

The predicted cell potential after 99.9% charge was 
3.444V. At the end of the discharge, the sharp potential 
drop indicates that the polymer becomes an insulator. The 
average discharge potential ((Pave) of a typical cell can be 
estimated from the discharge curve in Fig. 2 to be 3.152V. 
Important  properties of a battery are the energy and power 
densities. The energy density of a celt is defined here as the 
amount  of energy extracted per unit mass of PPy  in the 
cell and is calculated by using the following equation (2) 

Icell~avetd 
Energy density - - -  [68] 

M 

S.5 
*J 

F- 
z 
r.~ 3.0 [-, 
o D., 
,-1 
J 
r,~ 2.5 
r ~  

where Iceu is the total cell current, td is the discharge time of 
the cell, and M is the mass of the PPy electrode. The total 
cell current (Ice,I) can be obtained by multiplying by the 
cell current density (i~en) by the cross-sectional area of the 
electrode (A). The theoretical energy density obtained 
from the discharge curve in Fig. 2 was about 191.3 WhJkg 
of PPy  positive electrode. 

The power density of a cell is defined as the rate of de- 
livering energy and is the product of the average cell dis- 
charge potential (~P~) multiplied by the current of the cell 
(Icon) as follows 

Power density = I~ncP~ [69] 

The theoretical power density obtained from the discharge 
curve in Fig. 2 was about 41.7 W ~ g  of PPy positive elec- 
trode. 

The characteristics of the cell estimated from this study 
are summarized in Table VIII. Direct comparison of the 
theoretical prediction to those of the experimental  data 
available in the literature was not attempted, although the 
predictions of charge/discharge behavior seem reasonable. 
The kinetics of the anion doping-undoping process of a 
PPy  electrode and the capacity of a l i thium/polymer bat- 
tery are strongly dependent  on the morphology and the 
thickness of the PPy  films. 

The cell potential vs. t ime curve in Fig. 2 increases with a 
certain initial slope which changes to a different slope 
midway through both charge and discharge. This is be- 
cause the charging and discharging processes are affected 
by two distinctive factors, faradaic and capacitive current 
densities, if and i,. These are obtained by integrating the 
local faradaic and capacitive transfer current (aj~ and aj~) 
over the porous PPy positive electrode region and are 
shown in Fig. 3 as a function time. 

During charge, the first slope in Fig. 2 is dominated by 
the faradaic effect, while the second slope is dominated by 

2.0 

1.5 

1.0 

CHARGE < �9 DISCHARGE 

. . . .  I . . . .  I . . . .  I . . . .  I . . . .  I , I , , I . . . .  

o.o Bo.o loom 1.~o.o 2o0.0 ~5o.o soo.o sso.o 
TIME (see) 

Fig. 2. Charge/discharge behavior of a typical Li/LiCIO4-PC/PPy sec- 
ondary battery cell at ice,, = 0.2 mA/cm 2. 

the capacitive effect. The faradaic current density (if) de- 
creases with t ime because the electroactive area (reduced 
PPy  sites) and the concentration of the counterion de- 
crease as the PPy  positive electrode is charged. However, 
the capacitive current density (ic) increases continuously 
with time until the PPy  electrode is fully oxidized at about 
110s. When the PPy electrode is fully oxidized, the faradaic 
current  density becomes very small (no further oxidation 
of the PPy  film occurs) and the total current density is 
equal to the capacitive current density, which is used to 
charge the double layers within the porous PPy positive 
electrode. 

[ -  
z 

0.20 

0.15 

0.10 

0.00 

0.00 

FARADAI.______~C (~r.__.)) 

0.0 50.0 lO0.O 150.0 
TIME (sec) 

Fig. 3. Faradaic and capacitive current densities in PPy positive elec- 
trode during charge at ice, = 0.2 mA/cm 2. 
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Fig. 4. Concentration profiles of the counterion (CIO4-) across a typ- 
ical cell during charge at ice" = 0.2 mA/cm 2. 

Figures 4 and 5 show the profiles of the dependent  vari- 
ables at a constant current density of 0.2 mA/cm 2 during 
charge. The concentration profiles of the counterion, 
C10(,  across a typical cell are shown in Fig. 4. For conven- 
ience, the concentration of the counterion was made di- 
mensionless relative to its reference concentrations (c-,r~r). 
Initially, the concentration of the couriterion is uniform 
throughout the cell at reference concentration (c_ ~f). Ap- 
plying a constant current density of 0.2 mA/cm 2 causes the 
anions (C104-) to be consumed at the PPy positive elec- 
trode by the oxidation of PPy (electrochemical reaction [1]) 

and by double layer charging. Also, cations (Li § are con- 
sumed at the lithium negative electrode by the reduction 
of Li (electrochemical reaction [2]). The reacting species 
are transported from the reservoir to the electrodes where 
they diffuse and migrate to the reactive sites. For dis- 
charge, the opposite is true. Since the effective diffusivi- 
ties of Li § and C10(  within the porous layer are smaller 
than the free stream diffusivity of those species, the con- 
centration gradients within the porous region must  be 
larger to make up for the slower movement of the ions. The 
gradient within the PPy positive electrode becomes larger 
with time. 

Figure 5 shows the distribution of faradaic charge con- 
sumed in a PPy positive electrode at a constant current 
density of 0.2 mA/cm ~ during charge. The faradaic charge 
per unit  volume was made dimensionless by using the 
maximum faradaic charge value (Qf, oxd) as the reference 
point. Initially, the PPy positive electrode is fully reduced 
(value of Qf.~d) and is ready to be oxidized. During charg- 
ing at a constant current density of 0.2 mA/cm 2, the 
faradaic charge is accumulated throughout the PPy posi- 
tive electrode by the electrochemical reaction [1]. The 
faradaic charge accumulation in the outer layer of the PPy 
film is faster because of the concentration gradient within 
PPy positive electrode as shown in Fig. 4. After the PPy 
positive electrode is significantly oxidized, the charge dis- 
tr ibution becomes uniform again. During discharge, the 
faradaic charge is withdrawn faster in the outer layer of the 
PPy film for the same reason. The other electrochemical 
properties of the PPy positive electrode (such as porosity, 
electronic and ionic conductivity, diffusivity, etc.) have the 
same distribution throughout the PPy positive electrode 
because these properties are proportional to the faradaic 
charge consumed within the PPy positive electrode. The 
effects of various operating conditions can be examined. 
For example, the effects of discharge rate on the predicted 
behavior of the cell discharge are examined in Fig. 6. This 
clearly illustrates that the electrodes are better utilized at 
lower discharge rate. By discharging at a lower rate, much 
more energy can be drawn from the cell. 

The effects of various cell physical parameters on the 
predicted behavior of the cell and their implications are 
examined in Fig. 7-9. The capacity of a Li/PPy cell is deter- 
mined by the amount  of electrode active material and the 

I ,oo s e c  
1.o 
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o 
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0.0 0 . 2  0 . 4  0.6 
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4 0  s e e  
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! . . . .  
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Fig. 5. Faradoic charge profiles within the PPy positive electrode dur- 
ing charge at ice, = 0.2 mA/cm 2. 

4 . 0  

F- 

ro 

0 . 2  m A / c m  2 

0.3 m A / c m  2 

35 __~ m 

"'.. 

3.0 

2,5 . . . .  ~ . . . .  ' . . . .  ' . . . .  ' . . . .  f . . . .  ' ' ' "  

0.0 25.0 50.0 75.0 l O 0 . O  125.0 150.0 
TIME ( s e c )  

Fig. 6. The effect of the discharge rate on the cell discharge per- 
formance. 
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Fig. 7. The effect of the thickness of the PPy electrode on the cell 
discharge performance at ic~. = 0.2 mA/cm 2. 
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Fig. 9. The effect of the thickness of the separator on the cell dis- 
charge performance at i,,, = 0.2 mA/cm 2. 

amount  of electrolyte available in the cell. Figure 7 shows 
the effect of the thickness of the PPy positive electrode 
(equivalent to changing the amount  of PPy electroactive 
material) on the discharge cell performance. Figure 8 
shows the effect of the thickness of the reservoir (equiva- 
lent to changing the amount  of electroactive counterion) 
on the discharge cell performance at a constant current of 
0.2 mA/cm 2. Increasing the thickness of the reservoir 
yields a slightly smaller cell discharge potential and a 

4.0 
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[... 
o 

o 

3.0 /J ,m 

. . . .  . . m  . . . .  8 , 5  

3 , 0  

. . . .  i . . . .  ! . . . .  ! . . . .  ! . . . .  i . . . .  i . . . 2 . 5  
0.0 25.0 ~0.0 ~ .0  100.0 ~25 .0  150.0 

TIME (see) 

Fig. 8. The effect of the thickness of the reservoir on the cell dis- 
charge performance at i , ~ .  = 0.2 mA/cm 2. 

shorter discharge time. This is because the thicker reser- 
voir tends to increase ohmic drop. Figure 9 shows the ef- 
fect of the thickness of the separator on the discharge cell 
performance at a constant current of 0.2 mA/cm 2. Also, in- 
creasing the thickness of separator yields a slightly smaller 
cell discharge potential and a shorter discharge time. This 
is because the thicker separator tends to increase ohmic 
drop. 

Consequently, the optimal values of design parameters 
(such as, thickness for the PPy positive electrode, reser- 
voir, and separator) have to be determined in conjunction 
with other design parameters and operating conditions. 

Summary 
A mathematical model of a Li/PPy cell based on the di- 

lute solution theory and the porous electrode theory was 
developed here to predict the dynamic behavior of a Li/ 
LiC104-PC/PPy cell. The model includes double layer ef- 
fects on the cell performance and treats the electrochemi- 
cal properties of PPy as functions of its doping state. It 
may be possible to use this model together with experi- 
mental  data and a parameter estimation technique to de- 
termine the design parameters for the best performance of 
the Li/LiC104-PC/PPy cell. Also, the Li/PPy model de- 
veloped here could be modified to study other polymeric 
battery systems. 
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LIST OF SYMBOLS 
A geometric electrode surface area, cm 2 
a specific surface area of the porous PPy positive 

electrode,/cm 
a* double layer constant, /V 
ci concentration of species i, mol/cm 3 
Ci.re f reference concentration of species i, mol/cm 3 
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Di 
Di,p 

Di,s 

F 
/cell 
ic 

ir 
~f 

$oj,ref 

Z2 

3~ 

3f 

31 

32 

M 

N i  
Si,p 

Ni,s 

Qf 

Qf, oxd 

Qf,~a 

Q~ 

R 
RIj,i 

t 
td 
ti 
cr~ 

Uj,ref 

ui 
Ui,p 

Ui,s 

y 

Ype 

Y~ 

Yse 

diffusion coefficient of species i, cm2/s 
effective diffusion coefficient of species i in the 
PPy positive electrode, cm2/s 
effective diffusion coefficient of species i in the 
separator, cm2/s 
Faraday's constant, 96,487 C/mol 
applied cell current, mA 
capacitive current density based on projected elec- 
trode area, A/cm 2 
applied cell current density, mA/cm 2 
faradaic current density based on projected elec- 
trode area, A/cm 2 
exchange current density at reference concentra- 
tions for reaction j, A/cm 2 
superficial current density in the solid phase, 
A/cm 2 
superficial current density in the solution phase, 
A/cm 2 
capacitive transfer current density at the PPy posi- 
tive electrode, A/cm 2 
faradaic transfer current density at the PPy posi- 
tive electrode, A/cm 2 
transfer current density at the PPy positive elec- 
trode, A/cm 2 
transfer current density at the Li negative elec- 
trode, A/cm 2 
mass of the PPy positive electrode, g 
flux vector of species i, mol/cm2-s 
flux vector of species i within the PPy positive 
electrode, mol/cm2-s 
flux vector of species i within the separator, mol/ 
cm2.s 
number  of electrons transferred for reaction j 
capacitive charge of the PPy positive electrode per 
unit  volume, C/cm 3 
faradaic charge of the PPy positive electrode per 
uni t  volume, C/cm ~ 
faradaic charge of the fully oxidized PPy film per 
uni t  volume, C/cm 3 
faradaic charge of the fully reduced PPy film per 
uni t  volume, C/cm s 
total charge of the PPy positive electrode per uni t  
volume, C/cm 3 
universal gas constant, 8.3143 J/mol-K 
pseudohomogenous reaction rate of species i for 
reaction j, mol/cm3-s 
stoichiometric coefficient of species i for reaction j 
absolute temperature, K 
time, s 
discharge time of the Li/PPy cell, s 
transference number  of species i 
theoretical open-circuit potential at the surface 
concentration for reaction j, V 
theoretical open-circuit potential at reference con- 
centration for reaction j, V 
mobility of species i, mol-cm2/J-s 
effective mobility of species i in the PPy film, mol- 
cm2/j-s 
effective mobility of species i in the separator, 
mol-cm2/J-s 
perpendicular distance from the substrate/positive 
electrode interface, ~m 
position of the PPy positive electrode/reservoir in- 
terface in y coordinate, ~m 
position of the reservoir/separator interface in y 
coordinate, t~m 
position of the separator/Li negative electrode in- 
terface in y coordinate, ~m 

zi charge number  of species i 

Greek Symbols 
a~j anodic transfer coefficient for reaction j 
c~ cathodic transfer coefficient for reaction j 
~pe thickness of the PPy  positive electrode, ~m 
~ thickness of the reservoir, ~m 
~ thickness of the separator, ~m 
eo~d porosity of the fully oxidized PPy film 

ep porosity of the PPy positive electrode 
er~d porosity of the fully reduced PPy film 
e~ porosity of the separator 
,qj overpotential for reaction j, V 
~qpzc overpotential at the point of zero charge, V 
K free stream solution conductivity,/~-cm 
Kp effective solution conductivity within the PPy 

film,/f~-cm 
K~ effective solution conductivity within the separa- 

tor, /~-cm 
A equivalent molar conductance of binary electro- 

lyte, cm2/~-cm 
)~ doping level of the PPy film 
ki ionic conductance of species i, cm2/f~-cm 
kmax maximum doping level of the PPy film, 0.30 
0 fractional doping level of the PPy film 
~oxd conductivity of the fully oxidized PPy film,/f~-cm 
~p conductivity of the PPy positive electrode,/~-cm 
~red conductivity of the fully reduced PPy film,/f~-cm 

tortuosity of the PPy positive electrode 
~ave average cell discharge potential, V 
r reference potential, V 
cPl potential in the solid phase, V 
r potential in the solution phase, V 

Subscript 
+ cation, Li § 
- anion, C10(  
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