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A Mathematical Model for Predicting Cyclic Voltammograms of 
Electronically Conductive Polypyrrole 

Taewhan Yeu,* Trung V. Nguyen,* and Ralph E. White** 
Department of  Chemical Engineering, Texas A&M University, College Station, Texas 77843-3122 

ABSTRACT 

Polypyrrole is an attractive polymer for use as a high energy density secondary battery because of its potential as an 
inexpensive,  lightweight, and noncorrosive electrode material. A mathematical  model  to simulate cyclic vol tammograms 
for polypyrrole is presented here. The model is for a conductive porOus electrode film on a rotating disk electrode (RDE) 
and is used to predict the spatial and t ime dependence of concentration, overpotential, and stored charge profiles within a 
polypyrrole film. The model includes both faradaic and capacitive charge components  in the total current density ex- 
pression. 

Electrochemically synthesized conducting polypyrrole 
has received much attention as a secondary battery elec- 
trode because it has high conductivity, high specific 
charge capacity, and stable and reversible electrochemical 
redox behavior (1-4). Polypyrrole, in its conducting poly- 
cationic form (PPy+), is readily obtained by a simple one- 
step electrochemical oxidation of the pyrrole monomer.  
This reaction is electronically irreversible and fairly com- 
plex. A detailed discussion of the mechanism of synthesis 
is beyond the scope of this study. 

Electronically conductive polypyrrole has a number  of 
potential technological applications. It is used (i) as a bat- 
tery electrode, (ii) in display devices, and (iii) in electronic 
devices, and (iv) as a component  of new high energy den- 
sity secondary batteries. All of these applications rely on 
the ability of the polypyrrole to switch between the con- 
ductive and nonconductive states. Polypyrrole in its con- 
ducting polycationic form can be transformed by cathodic 
reduction into the neutral insulating state (PPy~ with con- 
ductivity less than 10 -5 ~- i  era-1. This film is extremely un- 
stable and easily reoxidized to yield PPy+. In contrast, oxi- 
dized polypyrrole film is stable in a wide range of solvents. 

An experimental  cyclic vol tammogram of polypyrrole 
approximates the behavior of a quasi-reversible couple 
with the distinct characteristic of a large capacitive back- 
ground current (5). Some authors (6-8) have tried to ana- 
lyze the capacitance effect in order to separate the faradaic 
current  from the capacitive current. In spite of  this, the ca- 
pacitance effect is still not fully understood. Feldberg (6) 
suggested a mathematical  model  of the capacitive current 
that includes the electrochemical switching of the polymer 
films, but failed to include the transport effects (diffusion 
and migration) of the counterions. Pickup and Osteryoung 
(7) developed a mathematical  model  for potential step 
chronoamperometry and concluded that a polymer film 
could be modeled as a porous electrode. The porous elec- 
trode model  they used is not satisfactory because it is 
based on the assumption that faradaic reactions are negli- 
gible. 

The model  presented here is used to simulate potentio- 
static cyclic vol tammograms for a polypyrrole film on a 
RDE. The rotating disk electrode was chosen because of 
its welt-defined hydrodynamics. The model  consists of a 
combination of the models presented by Feldberg (6) for 
the capacitance effect on the current density and by Ryan 
et al. (9) for a conductive porous layer on a rotating disk 
electrode. The polypyrrole film is treated as a porous elec- 
trode with a high surface-to-volume ratio and a large dou- 
ble layer capacitance, which is proportional to the amount  
of oxidized P01ypyrrole film (4-7). These model  conditions 
were chosen so that the simulated predictions could be 
compared to experimental  results available in the litera- 
ture. The faradaic and capacitive current components  as- 
sociated with the electrochemical switching of a film be- 
tween the insulating and electronically conducting states 
are included in the model. 

* Electrochemical Society Student Member. 
** Electrochemical Society Active Member. 

The transport equations of the model  are based on the 
conservation of mass and charged species. The equations 
include migration of charged species in an electric field, 
diffusion of charged and uncharged species, and the elec- 
trochemical reaction that occurs within the porous pol- 
ypyrrole film. Since the surface of a solid electrode is com- 
posed of active (oxidized) and inactive (reduced) sites 
during charge and discharge processes, averaged values 
are used to describe local variables within a volume ele- 
ment  throughout the porous layer to account for the effect 
of nonhomogenei ty of the electrode surface (9). 

The model  is used to predict concentration, overpoten- 
tial, and stored charge profiles within the polypyrrole film 
as a function of position and time. The model  is also used 
to predict the dependence of the faradaic, capacitive, and 
total current density on applied overpotential. 

Model Development 
The model  presented here is for predicting potentiostati- 

cally controlled cyclic vol tammograms for a porous pol- 
ypyrrole film on a RDE in a one-compartment cell. The 
one-compartment  electrochemical cell contains a plati~ 
num RDE coated with polypyrrole film, a platinum coun- 
terelectrode, and a saturated calomel reference electrode 
(SCE). A schematic diagram of a typical experimental  sys- 
tem is shown in Fig. 1. The Luggin capillary tip of the ref- 
erence electrode is placed as close as possible to the center 
of the disk. This enables one to use the reference electrode 
to detect the solution potential near the working electrode. 
The electrolyte consists of 0.1M LiC104 in acetonitrile. In 
the solution, LiC104 dissociates into charged Li + and 
C104-. 

During a potential sweep, a polypyrrole film can be cy- 
cled repetitively between its oxidized and reduced forms 
in the absence of oxygen with no evidence of polypyrrole 
decomposit ion (4). The reaction occurring during the po- 
tential sweep is assumed to be described as follows 

PPy~ + C10(  ~- PPy+C104- + e [1] 

The rate of this reaction is controlled primarily by the 
available electroactive area and the transport rate (diffu- 
sion and migration) of C10(.  

Figure 2 is a schematic representation of the regions 
close to the RDE surface that are relevant to the develop- 
ment  of the model  equations. As shown in Fig. 2, there are 
two separate regions: the porous electrode region of width 
~PE and the solution diffusion region of width ~RE. 

The dependent  variables in the diffusion layer are: the 
concentration of Li+ (c+), the concentration of C104- (c_), 
and the potential of the solution phase (cP2). In the porous �9 
polypyrrole region, the dependent  variables include the 
ones in the diffusion layer, the local faradaic charge per 
unit volume (Q~), and the potential of the solid polymer 
phase (r Values for these unknowns depend on the per- 
pendicular distance from the electrode surface (y) and 
t ime (t), and they are obtained by solving the governing 
equations with associated boundary conditions. 
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Fig. 1 Schematic of a one-compartment electrochemical cell with RDE 

A s s u m p t i o n s . - - T h e  assumpt ions  used  in deve lop ing  the  
gove rn ing  equa t ions  for the  mode l  are as follows: (i) no  ho- 
m o g e n e o u s  react ions  occur  in the  bulk  solution;  (ii) the  so- 
lu t ion  is Newton ian  and isothermal ;  (iii) t ranspor t  occurs  
only  in the  axial  d i rec t ion  (i.e., y direction);  (iv) the  plati- 
n u m  cur ren t  col lector  is solid and inert;  (v) the  different ial  
capac i tance  of  the  p la t inum is negl igible;  (vi) the  differen- 
t ial  capac i tance  of  the  double  layer is propor t iona l  to the  
a m o u n t  of  ox id ized  polypyrrole ;  (vi i)  the  different ial  ca- 
pac i t ance  of  po lypyr ro le  is i n d e p e n d e n t  of  potential ;  (v i i i )  
the  e l ec t rochemica l  react ion occur r ing  wi th in  the  porous  
e lec t rode  is a p s e u d o - h o m o g e n e o u s  react ion whose  rate is 
based  on the  But le r -Volmer  equat ion ,  as p resen ted  below. 

G o v e r n i n g  e q u a t i o n s - - S o l u t i o n  d i f f u s i o n  l a y e r . - - M a s s  
t ransfer  in the  diffusion layer is governed  by the  fol lowing 
mater ia l  ba lance  equa t ion  for species i 

.-~176 • 
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Fig. 2. Schematic of the surface and associated diffusion layer of the 
RDE. 

8Ci 
- V �9 Ni where  i = +, - [2] 

Ot 
Equa t ion  [2] depends  on the  flux, N~, of  species i wh ich  is 
due  to migra t ion  in the electric field, diffusion in the  con- 
cent ra t ion  gradient ,  and convec t ion  in the  flow field 

Ni = - z~u~FciVcP2 - DiVci + civ where  i = + , - [3] 

The  ionic  mobil i ty ,  ui, is a s sumed  to be  desc r ibed  by the  
Nerns t -E ins te in  equa t ion  (10) 

Di 
ui = - -  where  i = + , - [4] 

R T  

Only the  axial  c o m p o n e n t  of  Eq.  [3] is cons idered  in the  
m o d e l  and the  ve loc i ty  c o m p o n e n t  in that  d i rec t ion  de- 
pends  only on the  normal  d is tance  f rom the  e lec t rode  sur- 
face accord ing  to the  no-slip condi t ion  (9) 

Vy = - a ' 1 2 ~ J ~  (y - y p E )  2 [ 5 ]  
--1~ 

C o m b i n i n g  Eq. [2]-[5] yields the  govern ing  equa t ion  for 
species  i wi th in  the  solut ion diffusion layer  on the  R D E  
(10) 

t (~Ci 02el OCi ziDiF 02(I)2 0~2h 
- -  - -  + - - - ~  + D i - -  

at R T  ci aY 2 ay Oy } Oy 2 

8ci 
+ a ' ~  (y - -  y p E )  2 - -  where  i = +, - 

�9 v Oy 
[6] 

The  e lec t roneut ra l i ty  condi t ion  provides  the  addi t ional  
govern ing  equa t ion  needed  to solve for qb2 wi th in  the  diffu- 
s ion layer  

~ z i c i  = z+ c+ + z_ c_ = 0 [7] 
i 

G o v e r n i n g  e q u a t i o n s - - P o r o u s  e l ec t rode  l a y e r . - - T o  ac- 
count  for the  n o n h o m o g e n e o u s  s t ructure  of  the  po lymer  
film, mac roscop ic  proper t ies  are used  to descr ibe  the  po- 
rous  e lec t rode  layer in te rms  of  measurab le  paramete rs  
w i thou t  regard  for the  actual  geomet r ic  detai l  of  the  pore  
s t ructure.  Two of these  proper t ies  are the  poros i ty  (e) and 
the  MacMul l in  n u m b e r  (NM,pE). The  poros i ty  represen ts  the  
vo id  v o l u m e  occupied  by the  e lec t ro lyte  pe r  uni t  v o l u m e  
of  porous  region. The  MacMull in  n u m b e r  (11) is def ined as 
the  ratio of  the  tor tuos i ty  to the  poros i ty  

NM,PE = "~/e [8 ]  

The  poros i ty  and MacMull in  n u m b e r  are a s sumed  to be 
constant .  

Within  the  porous  e lec t rode  layer, the  mater ia l  ba lance  
equa t i on  is fo rmula ted  in t e rms  of  average  quant i t ies  that  
i nc lude  the  react ion rate t e rm for the  e lec t rochemica l  re- 
act ion 

0~Ci 
-- V " Ni  + Ri '  w h e r e  i = + ,  - [9 ]  

ot 

a n d  Ri' is the  p roduc t ion  rate  of  species  i due  to a pseudo-  
h o m o g e n e o u s  react ion (e lec t rochemical  reaction) wi th in  
the  porous  electrode.  

The  flux express ion ,  Eq.  [3], is modif ied  to account  for 
the  porous  and tor tuous  s t ructure  of  the  po lypyr ro le  film. 
This  is accompl i shed  by  replac ing  the  di f fus ion coeff icient  
in Eq.  [3] by an effect ive  diffusion coeff icient  wi th in  the  po- 
rous  layer  

Di 
D i ,  e - where  i = +, - [10] 

NM,pE 

Thus,  the  flux of  species i wi th in  the  solut ion phase  of  the  
porous  layer  becomes  
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ziDiF Di 
Ni - - -  ciVO2 - Vci w h e r e  i = +, - 

N~pERT NM,PE 

[11] 

a n d  w h e r e  i t  h a s  b e e n  a s s u m e d  t h a t  t h e r e  is n o  c o n v e c t i v e  
f low w i t h i n  t h e  p o r o u s  layer�9 C o m b i n i n g  Eq.  [11] w i t h  t h e  
m a t e r i a l  b a l a n c e  exp r e s s i on ,  Eq.  [9], s u b j e c t  to  t h e  a s s u m p -  
t i o n s  m e n t i o n e d  above ,  y ie lds  t h e  g o v e r n i n g  e q u a t i o n  for  
spec ies  i w i t h i n  t h e  p o r o u s  e l ec t rode  layer  

aec~ z,D~F ( 0202 0c i 0 0 2 /  

Ot - NMPER~ C i - -  + Oy 2 - -  ~-y / , a y  

D i ~2c i 
+ - -  § R~' w h e r e  i = +, - [12] 

NM, PE egY 2 

T h e  p r o d u c t i o n  ra t e  of  spec ies  i d u e  to an  e l e c t r o c h e m i -  
cal  r e a c t i o n  is g i v e n  b y  (12) 

Si 
Ri' - JF w h e r e  i = +, - [13] 

n F  

a n d  J r  is t h e  fa rada ic  t r a n s f e r  c u r r e n t  pe r  u n i t  v o l u m e  
(A/cm 3) of  t he  p o r o u s  r eg ion  a n d  is d i s c u s s e d  later�9 

I t  is a c o n s e q u e n c e  of  t h e  a s s u m p t i o n  of  e l ec t roneu t ra l -  
i ty  t h a t  t h e  c h a r g e  w h i c h  leaves  t he  sol id p h a s e  m u s t  e n t e r  
t h e  s o l u t i o n  phase �9  Th i s  is e x p r e s s e d  as (12) 

V - i~ + V �9 i2 = 0 [14] 

w h e r e  i, is t h e  super f ic ia l  c u r r e n t  d e n s i t y  ( c u r r e n t  p e r  pro- 
j e c t e d  a rea  of  t he  e lec t rode)  in  t h e  sol id  e l ec t rode  phase ,  
a n d  i~. is t h e  super f ic ia l  c u r r e n t  d e n s i t y  in  t h e  so lu t i on  
phase �9  I n  t he  so l id  phase ,  t h e  m o v e m e n t  of  e l ec t rons  is 
g o v e r n e d  b y  0 h m ' s  law 

00~ 
il = - ~(1 - e ) -  [ 1 5 ]  

Oy 

w h e r e  ~ is t he  c o n d u c t i v i t y  of  po lypyr ro le ,  a n d  ~(1 - e) is 
t h e  e f fec t ive  sol id conduc t iv i ty .  I t  is a s s u m e d  t h a t  t h e  con-  
d u c t i v i t y  of  po lypy r ro l e  is p r o p o r t i o n a l  to t h e  d e g r e e  of  t h e  
o x i d a t i o n  of  po lypy r ro l e  as fol lows 

O'MIN -- ErMAX ( ) 
= QF,mN QF,MAX QF - QF,m~x + ~MAX [16] 

w h e r e  ~Mm r e p r e s e n t s  t he  c o n d u c t i v i t y  of  t he  po lypyr ro le  
f i lm at  m i n i m a l  c h a r g e  s ta te  (QF,MIN), a n d  aMAX r e p r e s e n t s  
t h e  c o n d u c t i v i t y  of  t he  fi lm at  i ts  m a x i m a l  c h a r g e  s ta te  
(QF,MAx). T h e  c u r r e n t  d e n s i t y  in  t he  so lu t ion  p h a s e  is g i v e n  
b y  

K 002 
i2 - [17] 

NM,PE ay 

w h e r e  K is t h e  specif ic  c o n d u c t i v i t y  of  e lec t ro ly te  a n d  is as- 
s u m e d  to b e  cons tan t �9  T h e  t e r m  K/NI~,pE is t he  e f fec t ive  so- 
l u t i o n  conduc t iv i ty �9  S u b s t i t u t i o n  of  Eq.  [15] a n d  [17] in to  
t h e  c o n s e r v a t i o n  of  c h a r g e  equa t ion ,  Eq. [14], y ie lds  

e q u a t i o n  (13) 

C_ 
iJF = aiO,REF [ QF.M_~X exp  \ R T  

c )} Qr exp  \ RT ~ [20] 

w h e r e  a is t h e  e l ec t roac t ive  sur face  a rea  pe r  u n i t  vo lume ,  
iO,REF is t he  e x c h a n g e  c u r r e n t  d e n s i t y  at  a g iven  r e f e r e n c e  
c o n c e n t r a t i o n  (ci,REr) a n d  ~ is t he  overpo ten t i a l .  T h e  over-  
p o t e n t i a l  is de f ined  as 

11 = (01 -- ORE ) -- (~T~ 2 -- ORE) -- UREF' [21] 

w h e r e  r is t h e  so lu t i on  p o t e n t i a l  a t  t h e  L u g g i n  t ip,  a n d  
URE~ is t h e  open -c i r cu i t  p o t e n t i a l  a t  a g iven  r e f e r e n c e  con-  
c e n t r a t i o n  (Ci,REF) a n d  is re la t ive  to SCE. A n o d i c  a n d  ca- 
t h o d i c  c u r r e n t  dens i t i e s  are  t a k e n  to be  pos i t ive  a n d  nega-  
t ive,  respec t ive ly .  No te  also t h a t  ~, + a~ = n. I t  can  be  s een  
t h a t  t h e  local  t r a n s f e r  c u r r e n t  p r e d i c t e d  b y  t h e  But ler -Vol-  
m e r  k ine t i c  expres s ion ,  Eq. [20], d e p e n d s  u p o n  t he  differ- 
e n c e  b e t w e e n  t he  p o t e n t i a l  of  t he  sol id p h a s e  a n d  t h a t  of  
t he  a d j a c e n t  so lu t ion  w i t h i n  t he  p o r o u s  e lec t rode .  

T h e  a n o d i c  fa rada ic  c u r r e n t  in  t he  p o r o u s  p o l y m e r  f i lm 
l eads  to c h a r g i n g  of  t h e  d o u b l e  layer  w i t h i n  t h e  po re s  of  
t h e  p o l y m e r  f i lm in a m a n n e r  c o n s i s t e n t  w i t h  t h a t  pro-  
p o s e d  b y  F e l d b e r g  (6). T h a t  is, t h e  a m o u n t  of  capac i t i ve  
c h a r g e  t h a t  goes  to c h a r g i n g  t he  d o u b l e  layers  w i t h i n  t h e  
p o r e s  of  t h e  p o r o u s  film, Qr is r e l a t ed  to t h e  a m o u n t  of  t h e  
f a rada ic  c h a r g e  a d d e d  to t h e  p o l y m e r  f i lm b y  t h e  fa rada ic  
r e a c t i o n  

Q~ = a* (o - "qPzc)QF [22] 

w h e r e  a* is a p r o p o r t i o n a l  c o n s t a n t  w h i c h  is a s s u m e d  to be  
i n d e p e n d e n t  of  po ten t ia l ,  a n d  ~pzc is t he  to ta l  o v e r p o t e n -  
t ial  ac ross  t he  d o u b l e  layer  a t  t he  p o i n t  of  zero c h a r g e  ~ 
(PZC)  w h i c h  is g iven  b y  

T~pz C = {(O1 -- ORE) __ (~I% __ ORE) __ UREF}pzc [23] 

T h e  capac i t i ve  t r a n s f e r  c u r r e n t  pe r  u n i t  vo lume ,  jr asso-  
c i a t ed  w i t h  c h a r g i n g  of  t he  d o u b l e  layer  is de f ined  as 
fo l lows 

Jc - [24] 
at 

S u b s t i t u t i n g  Eq.  [19] a n d  [22] in to  Eq.  [24] s h o w s  t h a t  

] Jc = a* Q F ~ -  + (0 - ~rzc)JF [25] 

w i t h  t h e  a s s u m p t i o n  t h a t  ORE = (~PRE)PZC- The  to ta l  t r a n s f e r  
c u r r e n t  p e r  u n i t  vo lume ,  Jw, is de f ined  as t h e  s u m  of  t h e  
fa rada ic  a n d  capac i t ive  t r a n s f e r  Currents  pe r  u n i t  v o l u m e  

Jw = jF  + jc [26] 

E q u a t i o n  [26] c a n  b e  u s e d  to p r ed i c t  t he  to ta l  c u r r e n t  den-  
sity, iT ( c u r r e n t  p e r  p r o j e c t e d  area), by  i n t e g r a t i n g  JT ove r  
t h e  p o r o u s  layer  

�9 - + V .  - = 0 [ 1 8 ]  

Electroneutrality, Eq. [7], is also used as the governing 
equation for O2 in the porous region. 

The rate of accumulation of the faradaic charge con- 
tained in  t h e  ox id i zed  po lypyr ro le  pe r  u n i t  vo l um e ,  QF, is 
a s s u m e d  to be  r e l a t ed  to t he  fa rada ic  t r a n s f e r  cu r r en t ,  iF, as 
fo l lows  

oQr 
-- J r  [19] 

at 

Current density.--The fa rada ic  t r a n s f e r  c u r r e n t  p e r  u n i t  
v o l u m e ,  Jr, is a s s u m e d  to b e  g i v e n  b y  t h e  B u t l e r - V o l m e r  

f l  f=yPE iT = jwdy [27] 
=0 

N o t e  t h a t  t he  fa rada ic  c u r r e n t  dens i ty ,  iF, a n d  t he  capaci -  
t ive  c u r r e n t  dens i ty ,  ic, c an  b e  o b t a i n e d  in  a s imi la r  m a n n e r  
f r o m  JF a n d  Jc, respec t ive ly �9  

Boundary conditions.--The b o u n d a r y  c o n d i t i o n s  at  t h e  
p o l y m e r  f i lm/ subs t r a t e  i n t e r f ace  (y = 0) are  

ziDiF 002 Oci 
- - -  c i - -  - D ~ - -  = 0 w h e r e  i = +, - [28] 

RT Oy a~ 

O1 = EApp + OR~. [29] 
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Table I. Fixed parameter values used for cyclic voltammograms 100 mV/s / f ~  

8o / A /  
50uA II \ I 

Operat ing  variables T 298.15 K 
377 rad/s 

YRE 0.01 cm ~ 
(I)RE 0.0V 
Emi -0.8V (vs. SCE) b 
Erm 0.4V (vs. SCE) b 

Electrolyte propert ies D+ 1.03 x 10 -5 cm2/s ~ 
D_ 1.81 x 10 -5 cm~/s ~ 

C+,REr 1.547 x 10 -4 mol /cm 3 c 
C-,REr 1.547 X 10 -4 mol /cm 3 c 

K 0.0165 ~- l  cm-1 c 
v 6.6 x 10 -3 cm2/s d 
p 0.777 x 10 -3 kg/cm 3 d 

Electrode propert ies  SPE 20 n m  
e 0.1 

NM PE 1.0 • 106 
QF,~x 344.65 C/cm ~ b 
Qr,mN 1.0 X 10 -14 C/cm 3 
(XMAX 100.0~ 1 cm-lb 
O'MI N 1.0 x I0 14 D-1 cm-1 

Kinet ic  paramete rs  a .  io,a~r 1.0 x 10 ~ A/era ~ 
a~ 0.5 
~ 0.5 
n 1 

UICEF -0 .2V (vs. SCE) ~ 
a* 1.076V-~ e 

~ e z c  -0.1056V (vs. SCE) ~ 

aChosen arbitrarily. 
bObtained from Ref. (4). 
r f rom Ref. (16). 
dObtained f rom Ref. (17). 
~Calculated from Ref. (8). 

zici = z+c+ + z c- = 0 [30] 
i 

w h e r e  EApp a n d  ( ~ R E  a r e  c o n s t a n t s .  T h e  b o u n d a r y  c o n d i -  
t i o n s  a t  t h e  p o l y m e r  f i l m / d i f f u s i o n  l a y e r  i n t e r f a c e  (y = YPE) 
a r e  

Ni,y]p . . . . .  layer = Ni,y[diffusionlayer w h e r e  i = +,  - [31] 

00~ 
- 0 [32] 

0y 

zici = z+ c+ + z -  c-  = 0 [33] 
i 

T h e  b o u n d a r y  c o n d i t i o n s  i n  t h e  b u l k  s o l u t i o n  (y = YRE) a r e  

ci = Ci,R~ w h e r e  i = + ,  - [34] 

02 = OR~ [35] 
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-o'.8 -o16 -~.4 -o'.2 G +~2 +L4 
EIV 

Fig. 4. Experimental cyclic voltammograms of a similar system [Ref. (4)] 

I n i t i a l  c o n d i t i o n s . - - T h e  i n i t i a l  c o n c e n t r a t i o n  o f  e a c h  
s p e c i e s  i is  s e t  e q u a l  to  i t s  b u l k  c o n c e n t r a t i o n  

ci = Ci,RXF w h e r e  i = + ,  - [36] 

F o r  c o n v e n i e n c e ,  i t  i s  a s s u m e d  t h a t  t h e  p o l y p y r r o l e  f i lm  is  
i n i t i a l l y  f u l l y  r e d u c e d  a n d  is  r e a d y  to  b e  o x i d i z e d .  C o n s e -  
q u e n t l y ,  t h e  f a r a d a i c  c h a r g e  p e r  u n i t  v o l u m e  i n  t h e  p o r o u s  
r e g i o n  is  i n i t i a l l y  e q u a l  to  QF,MIN, a m i n i m a l  c h a r g e  s t a t e  

QF = Qr.~N [37] 

S o l u t i o n  m e t h o d . - - T h e  g o v e r n i n g  e q u a t i o n s  a n d  b o u n d -  
a r y  c o n d i t i o n s  c a n  b e  w r i t t e n  i n  f i n i t e  d i f f e r e n c e  f o r m  a n d  
s o l v e d  b y  u s i n g  N e w m a n ' s  p e n t a d i a g o n a l  b l o c k  m a t r i x  
e q u a t i o n  s o l v e r  (14). I m p l i c i t  s t e p p i n g  c a n  b e  u s e d  fo r  t h e  
t i m e  d e r i v a t i v e s  (15). I n  t h e  d i f f u s i o n  l ayer ,  Qr  a n d  r a r e  
d u m m y  v a r i a b l e s  t r e a t e d  a s  c o n s t a n t s  a n d  a r e  s e t  a r b i t r a r -  
i ly  e q u a l  to  ze ro .  D u r i n g  t h e  p o t e n t i a l  s w e e p ,  t h e  a p p l i e d  
p o t e n t i a l  (EApp), w h i c h  is  t h e  d i f f e r e n c e  b e t w e e n  O1 a t  y = 0 
a n d  02 a t  y = YRE (ORE = 0), i s  c h a n g e d  l i n e a r l y  b e t w e e n  EINI 
a n d  E~N a c c o r d i n g  to  a s p e c i f i e d  s c a n  r a t e  (vs). 

Results and Discussion 
C y c l i c  v o l t a m m o g r a m s  o f  p o l y p y r r o l e  c a n  b e  p r e d i c t e d  

u s i n g  t h e  m o d e l  d e s c r i b e d  a b o v e .  T h e  v a l u e s  u s e d  for  t h e  
f i x e d  p a r a m e t e r s  a r e  g i v e n  in  T a b l e  I. F i g u r e  3 s h o w s  p r e -  
d i c t e d  cyc l i c  v o l t a m m o g r a m s  for  t h e  p o l y p y r r o l e  f i lm  a t  

fi 

- 4 , 0 0 . 0  

- 8 0 0 . 0  

~ ,  = 8 0  m Y / s e e  / 

~,= ~OmV/,eo / / - X  
. ,= ~Om./.o / /%\ 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

- 8 0 0 . 0  I , , , I , I I , , I 
- O . e  - 0 . e  -0.4 - 0 . 2  0 . 0  0 . 2  0 . 4  

E , , ,  ( V )  

Fig. 3. Simulated current density profiles at various scan rates 

aoo.o 
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-800 0 
-O.a -0 6 -0.4 -O,Z 0.0 O.Z 0.4 
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Fig. 5. Simulated total current density and its components at v, = 
1 ~ l  mWs. 
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Fig. 6. Dimensionless concentration profile of CIO4 Fig. 7. Dimensionless charge profile of polypyrrole film 

various scan rates. Experimental  results available in the 
literature for a polypyrrole film of the same thickness but 
in a different solution (4) are included to show the qualita- 
t ive agreement  between those and the results (see Fig. 4). 

Figure 5 shows the total current density and its com- 
ponents at a 100 mV/s scan rate. Note that when the maxi- 
mal quanti ty of oxidized polypyrrole is formed, no further 
oxidation of the film occurs and the current is entirely 
dominated by capacitive charge. 

Figure 6 shows the dynamic profile of the concentration 
of C10(  in the porous electrode region at a 100 mV/s scan 
rate. For convenience, the concentration of C104- was 
made dimensionless relative to its reference concentra- 
tions (C-,REF). The position coordinate was made dimen- 
sionless by using the thickness of the film (~PE) SO that ~ = 1 
represents the interface between the diffusion layer and 
the polymer film. Time was made dimensionless by using 
the t ime required to scan the applied potential from E~N~ to 
EFIN (~.o) SO that ~ = 1 represents the intermediate point 
where the polypyrrole film is totally oxidized. 

During the oxidation process, the reacting species 
(C104) is transported from the bulk to the porous elec- 
trode layer where it diffuses and migrates to reactive sites 
within the porous layer. During reduction, the opposite is 
true. Since the effective diffusivities of Li § and C104- 
within the porous layer are smaller than the free stream 
diffusivity of these species, then concentration gradients 
within the porous region must  be larger to make up for the 
slower movement  of the ions. The concentration profiles of 
both species are the same because of the electroneutrality 
condition. 

Figure 7 shows the faradaic charge per unit volume due 
to the electrochemical reaction within the film at a sweep 
rate of 100 mV/s. The faradaic charge per unit volume was 
made dimensionless by using the max imum faradaic 
charge value (QF.~x) as the reference point. The rate of 
charge accumulation is faster in the outer layer of the film 
during oxidation because of diffusion and migration ef- 
fects. Note that charge accumulates rapidly throughout 
the entire film. 

Summary 
Theoretical calculations were carried out to describe 

quantitatively the current responses of the quasi-rever- 
sible behavior of electronically conductive polypyrrole. 
Porous electrode theory was applied to the conductive 
polymer to provide the basis for understanding the trans- 
port behavior of the switching process within the polymer 
film. The effects of diffusion and migration were included 
because it is likely that counterion movement  limits the 
oxidation and reduction rates. The net cyclic voltammetric 
current  was decomposed into two components:  a capaci- 
t ive current due to the double layer charging and the 
faradaic current due to an electrochemical reaction. It may 

be possible to use this model  together with experimental  
data and parameter estimation techniques to determine 
the transport and kinetic parameters of the model. 
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a 
a ~ 
a* 
C+ 
C_ 
Ci 
Ci* 
Ci,REF 

Di 
Di,e 

EApp 

EFIN 
EiNI 
F 
ic 
iF 
iO,REF 

iT 
i, 

i2 

Jc 
Jr 
JT 
n 
Ni 
Si,y 
NM,PE 
Qc 

QF 

QF* 

LIST OF SYMBOLS 

specific surface area of the porous material, cm 1 
0.51023 
double layer constant, V -1 
concentration of Li § mol/cm 3 
concentration of C104-, mol/cm 3 
concentration of species i, mol/cm 3 
dimensionless concentration of species i, (Ci/Ci,REF) 
initial concentration of species i in the porous re- 
gion, mol/cm 3 
diffusion coefficient of species i, cm2/s 
effective diffusion coefficient of species i in a po- 
rous layer, cm2/s 
applied potential (potential difference between the 
current collector and O~E), V 
final applied potential, V 
initial applied potential, V 
Faraday's constant, 96,487 C/mol 
capacitive current density, A/cm 2 
faradaic current density, A/cm 2 
exchange current density at reference concentra- 
tions, A/cm 2 
total current density, A/cm 2 
superficial current density in the porous electrode 
phase, A/cm 2 
superficial current density in the solution phase, 
A/cm2 
capacitive transfer current per unit volume, A/cm 3 
faradaic transfer current per unit volume, A/cm 3 
total transfer current per unit volume, A/cm 3 
number  of electrons transferred 
flux vector of species i, mol/cm2-s 
y component  of flux vector of species i, mol/cm2-s 
MacMullin number  for the porous electrode layer 
capacitive charge of double layer per unit volume, 
C/cm 3 
faradaic charge of polymer film per unit volume, 
C/cm 3 
dimensionless faradaic charge of polymer film, (Qr/ 
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1976 

QF,MAX 

QF,MIN 

R 
Ri' 

si 
t 
T 
Ui 
UREF 

V 
Vs 
Vy 
y 

YPE 

YRE 
Zi 
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maximum faradaic charge of polymer film per uni t  
volume, C/cm 3 
min imum faradaic charge of polymer film per unit  
volume, C/cm 3 
universal gas constant, 8.3143 J/mol-K 
pseudohomogeneous reaction rate of species i, 
mol/cm3-s 
stoichiometric coefficient of Species i 
time, s 
absolute temperature, K 
mobility of species i, mol-cm2/J-s 
theoretical open-circuit potential at reference con- 
centration, V 
electrolyte velocity vector, cm/s 
scan rate, V/s 
electrolyte velocity in the normal direction, cm/s 
perpendicular distance from a porous electrode/ 
substrate interface, c m  
position of a porous region/diffusion layer interface 
in y coordinate, cm 
position of a bulk solution in y coordinate, cm 
proton charge number  of species i 

Greek Symbols 

~a anodic transfer coefficient 
~c cathodic transfer coefficient 
~PE thickness of polypyrrole film, cm 
~E thickness of diffusion layer, cm 
e porosity or void volume fraction 

dimensionless time, (t/~ ~ 
overpotential, V 

nezc overpotential at point of zero charge, V 
K solution conductivity, ~2-'cm -t 
v kinematic viscosity, cm2/s 

dimensionless distance, (Y/~PE) 
Po pure solvent density, kg/cm 3 

conductivity of polypyrrole film, ~-lcm-~ 
r conductivity of totally oxidized polypyrrole film, 

~-lcm-~ 
~M~N conductivity of totally reduced polypyrrole film, 

~- lcm- t  
tortuosity of porous material 

�9 ~ time required to scan the potential from E~m to 
EnN, s 

r potential in solid phase, V 
~2 potential in solution phase, V 
(I~RE potential in the solution at y = YRE, V 

disk rotation velocity, rad/s 
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