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ABSTRACT 

The ac response of polyaniline films on Pt  electrodes in 2.0M HC1 was measured  at different applied dc potentials,  
varied in the posit ive and negat ive directions. Exper imenta l  complex  capacitance plots were reproduced using a com- 
puter simulation program based upon the equivalent circuit approach. With 150 nm films the complex capacitance plots at 
+0.55V (vs. SCE) comprise a single capacitive element, which develops at more negative potentials into a parallel combi- 
nation of two discrete elements C1 (a capacitor) and ZD (a finite transmission line) in series with a polymer resistance Rp. C~ 
and ZD are interpreted as double-layer and faradaic (diffusion-controlled) components.  The hysteresis observed in the volt- 
ammetr ic  behavior  of polyanil ine is evident  in the potent ia l :dependence  of R,, C1, and ZD, obtained under  constant- 
potential conditions. 

Cer ta in  organic polymers ,  par t icular ly  con juga ted  
polymers ,  become  e lec t ronica l ly  conduc t ing  when  oxi- 
dized or r educed  chemica l ly  or e lec t rochemica l ly  (1). 
Such polymers are the focus of considerable current  at- 
t en t ion  because  of the fundamenta l  in teres t  in their  
chemis t ry  and physics, as well as in their  potential  appli- 
ca t ion  in bat ter ies  (2), solar energy  convers ion  (3), elec- 
t rochromic devices (4), electrocatalysis (5), and electron- 
ics (6). The electrochemical  behavior  of these systems is 
of  substant ia l  impor tance  since, (i) some of the mos t  
widely invest igated conduct ing polymers are commonly  
synthes ized  e lec t rochemica l ly ,  e.g. polypyrro le  (7), 
polyth iophene (8), polyphenylene (9), and polyanil ine (4); 
(ii) most  of the appl icat ions  men t ioned  above  take ad- 
van tage  of e lec t rochemica l  switching,  which  can effect  
the t rans i t ion  be tween  a neut ra l  insula t ing  form and an 
oxidized (or reduced) electronically conduct ing form. 

Most of  the e l ec t rochemica l  in format ion  on con- 
duc t ing  po lymers  has been obta ined from dc experi-  
ments,  notably cyclic vol tammetry  (other than charging/ 
d i scharg ing  expe r imen t s  for ba t te ry  applicat ions) .  The 
po lymers  display a charac ter i s t ic  vo l t ammet r i c  behav- 
ior, which  involves  a marked  apparent ly  t ime- indepen-  
dent  hysteres is  of the swi tching  process,  r emarkab ly  
s imilar  for di f ferent  polymers ,  e.g. polyani l ine  (4), poly- 
phenylene  (9), polypyrrole (7), and p01yacetylene (10). A 
mode l  which  expla ins  this pecul ia r  and ub iqu i tous  be- 
havior  has been  developed,  based upon  N-shaped free 
energy curves (11). An excel lent  example  of such behav- 
ior is polyani l ine  (4, 12). A typical  v o l t a m m o g r a m  of 
polyani l ine includes character is t ic  oxidat ion/ reduct ion  
peaks,  a region of  very low currents  below ~ - 0 . 2 V  (vs. 
SCE) where  the p o l y m e r  is an insulator ,  and an appar- 
ent ly  capac i t ive  region above ~ +0.4V, where  the poly- 
mer  is highly conducting.  It  has been suggested (13) that  
vo l t ammet r i c  swi tch ing  curves  reflect some combina-  
t ion of faradaic and capaci t ive  charging  processes.  Cy- 
clic vo l t ammet ry ,  however ,  has not  p rov ided  much  in- 
sight into the different processes occurr ing upon electro- 
chemical  switching of such polymers. 

In the present  publicat ion we wish to report  a study of 
the ac - impedance  behavior  of polyani l ine  films on elec- 
trodes. Glarum and Marshall (14) recently publ ished data 
on the impedance  behavior  of polyaniline; they observed 
a major  capaci t ive  e l emen t  .in the complex  admi t t ance  
plot at different potentials,  and concentra ted on the dete- 
r iora t ion  of the proper t ies  at high posi t ive  overpoten-  
tials. 1 In the present  work we analyze the various circuit  

*Electrochemical Society Active Member. 
1The work of Glarum and Marshall was brought to our atten- 

tion through private communication during the preparation of 
this manuscript. 

e lements  which are apparent  in the complex capacitance 
plots of  po]yani l ine at in te rmedia te  f requencies .  The dc 
bias was restricted to the voltage range of the first oxida- 
t ion peak, where  the po lymer  is s table towards~voltage 
cycling. 

Experimental 
Chemicals .--Anil ine (Fluka, puriss.) was distil led at re- 

duced  pressure  and kept  refr igera ted under  argon. Hy- 
drochloric  acid (Frutarom, Analytical,  32%) was used as 
received.  All solut ions were  prepared  with tr iply-dis- 
t i l led water, and deaerated by passing argon. 

Cell and electrodes.--We used the expe r imen ta l  setup 
desc r ibed  previous ly  (15). The work ing  e lec t rode  was a 
Pt  disk sealed in soda glass (15), the geometr ic  area of the 
Pt  be ing  0.02 cm 2. The reference  e lec t rode  was a KC1- 
saturated calomel electrode (SCE). 

In s t rumen ta t i on . - -AC  as well  as dc measu remen t s  
were  pe r fo rmed  using a Solar t ron Model 1286 potent io-  
stat and a Solartron Model  1250 frequency response ana- 
lyzer. The  impedance  was measured  at seven  d iscre te  
f requencies  per decade, from 0.1 Hz to 65 kHz, at an am- 
pl i tude of 5 mV (rms). 

Results 
Polyanil ine films on Pt electrodes were deposi ted from 

a solution containing 1.0M aniline and 2.0M HC1 (4). The 
deposi t ion was performed by cycling the potential  rather 
than  using a cons tant  current ,  s ince it was found that  
films depos i ted  by cycl ing display lower  background  
currents  and, thus,  be t ter  insula t ing  proper t ies  at the 
negat ive end of the voltage span. Figure la  shows a typi- 
cal deposi t ion at a scan rate of 0.1 V/s with occasional re- 
cording of the current-voltage trace; the polymer  is grad- 
ually oxidat ively deposited above ~0.6V during each cy- 
cle. The first two cycles were extended to +0.8V, then the 
posit ive potential  l imit was lowered to +0.7V, for the rest 
of the deposition. The process is notably similar to poly- 
pheny lene  depos i t ion  in HF/benzene  (9). The resul tan t  
vo l t ammet r i c  t race for the po lymer  is susta ined when  
the coated e lec t rode  is t ransfer red  to background  solu- 
tion (2.0M HC1), as shown in Fig. lb. Figure lb  is charac- 
ter is t ic  of  the vo l t ammet r i c  behavior  of a large n u m b e r  
of  conduc t ing  polymers ,  showing  a significant  vol tage 
separa t ion  of the current  peaks which  is v i r tua l ly  inde- 
pendent  of the scan rate, while the peak heights are pro- 
por t ional  to the scan rate. This in teres t ing  and appar- 
ent ly  general  behavior  is t rea ted e lsewhere  (11). The 
th ickness  of  the depos i ted  film was es t imated  f rom the 
publ ished relat ionship of 8 • 102 C - cm -3 for vol tamme-  
tric switching of the polymer between 0.0-0.55V (16). 
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Fig. I .  Cyclic voltommogroms for (a) deposition of polyaniline on Pt 
in 2.0M HCI + 1.0M aniline at 0.10 V/s. Typical deposition time ~15 
min, with occasional recording of voltammograms (s = 40 I~A); (b) 
~150 nm polyaniline on Pt, cycled in 2.0M HCI at 0.02, 0.05, 0.10, 
0.20 V/s (s = 80 t~A); (c) same as (b), at 0.10 V/s (s = 40 ~A). 

The ac-impedance measurements were performed by 
the following procedure: The film was equilibrated in 
background solution at +0.55V for i0 rain, and the ac re- 
sponse in the range 0.I Hz-65 kHz was measured. The po- 
tential was then varied to a more negative value, the sys- 
tem maintained at the new potential for i0 rain, and an- 
other impedance measurement performed. This 
procedure was repeated at a number of potentials down 
to -0.20V. The direction was then reversed, and the same 
procedure repeated, this time varying the bias potential 
incrementally in the positive direction, up to +0.55V. 
Note that in the results reported below, arrows above po- 
tential numbers indicate the direction in which the po- 
tential was varied to arrive at the specified potential. 

Figure 2 presents characteristic complex capacitance 
plots of ~ 150 nm polyaniline film on Pt electrode, at vari- 
ous bias_potentials. The complex capacitance C is de- 
fined as C = i/joJZ, where Z is the complex impedance 
and ~ is the modulation frequency (17). C' and C" are the 
real and imaginary components, respectively. Note that 
the ac response at +0.55V (the last measurement in a set 
of experiments) is similar to that initially obtained at the 
same potential, i.e., there is no irreversible effect ob- 
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Fig. 2. Complex capacitance plots at indicated bias potentials for 
~150 nm polyaniline on Pt in 2.0M HCI. 0 0 0  Experimental points; 
solid lines are simulated curves (see text). Frequencies (in Hz) are indi- 
cated for selected experimental (0 )  and simulated (~ )  points. 

s e r v e d  at t he  end  of  a c o m p l e t e  set  of  e x p e r i m e n t s .  
(Thus,  0.55V in Fig.  2 r e p r e s e n t s  m e a s u r e m e n t s  in b o t h  
d i rec t ions . )  

T h e  c o m p l e x  c a p a c i t a n c e  p r e s e n t a t i o n  was  p r e f e r r e d  
in th is  case,  s ince  it  is e v i d e n t  f rom the  capac i t ance  plots  
(Fig. 2) tha t  t h e  ma jo r  p roces se s  o b s e r v e d  in th is  s y s t e m  
are  of  p r o n o u n c e d  c a p a c i t i v e  na tu re .  I t  s h o u l d  be  real-  
ized, though ,  tha t  th is  k ind  of  p resen ta t ion ,  in w h i c h  the  
m e a s u r e d  r e s p o n s e  is d i v i d e d  by  t h e  f r e q u e n c y  (see 
d e f i n i t i o n  of  C), e m p h a s i z e s  i n t e r m e d i a t e  and  s low pro-  
cesses ,  r a the r  t h a n  t h e  v e r y  h i g h  f r e q u e n c y  domain .  

A l t h o u g h  a c o m p l e t e  set  of  e x p e r i m e n t s  i n c l u d e d  bias  
po ten t i a l s  d o w n  to -0.20V, t he  ac r e s p o n s e  at po ten t ia l s  
m o r e  n e g a t i v e  than  0.0 V is no t  s h o w n  in Fig. 2. The  rea- 
son  is t h a t  n e g a t i v e  of  0.0 V t h e  c lea r  f e a t u r e s  in t he  ca- 
p a c i t a n c e  p lo ts  d i s a p p e a r ,  d i s p l a y i n g  i n s t e a d  v e r y  low 
cu r ren t s  and spread  e x p e r i m e n t a l  po in t s  due  to t he  dra- 
ma t i c  inc rease  in the  ser ies  r e s i s t ance  fo l lowing  p o l y m e r  
r e d u c t i o n  (18). 

At  pos i t ive  po ten t i a l s  (->0.20V in t he  nega t i ve  d i r ec t ion  
or  ->_0.30V in t he  pos i t ive  d i rec t ion)  t he  c o m p l e x  capaci-  
t a n c e  p lo t s  c o m p r i s e  a s ingle ,  nea r ly  p e r f e c t  s emic i r c l e ,  
i n d i c a t i v e  o f  a s i m p l e  se r ies  c o m b i n a t i o n  o f  a c a p a c i t o r  
Ct of  8.0 to 10.0 m F  �9 cm -2 and  a res i s tor  R+ of  0.12 f~ " cm ~ 
(see Tab le  I). Ct is m e a s u r e d  as the  e x t r a p o l a t e d  i n t e r c e p t  
w i t h  the  real  axis  at r --> 0; Rs is ca lcu la ted  f rom the  fre- 
q u e n c y  at the  u p p e r  po in t  of  t he  s emic i r c l e  ~%a• accord -  
ing  to  r = 1/R~Ct. The  s a m e  v a l u e  for  t h e  ser ies  res is t -  
a n c e  is a lso  o b t a i n e d  f r o m  t h e  e x t r a p o l a t e d  i n t e r c e p t  
w i t h  t he  real  axis  of  t he  c o m p l e x  i m p e d a n c e  p lo t  at h igh  
f r e q u e n c i e s  (Fig. 3). No te  tha t  the  so lu t ion  r e s i s t ance  cal- 
c u l a t e d  f r o m  N e w m a n ' s  e q u a t i o n  for  t h e  a c c e s s  res is t -  
a n c e  to a d i s k  e l e c t r o d e  (19), u s i n g  X = 263 f~ 1 c m  2 eq-1 
for  2.0M HC1 at 20~ (20), is 0.12 f~ - cmK I t  is, thus ,  c l e a r  
tha t  t he  ox id i zed  p o l y m e r  behaves  f rom an e lec t r ica l  
po in t  of  v i e w  as a pure  capac i to r  in ser ies  w i th  the  solu- 
t ion  res i s t ance .  T h e  p o l y m e r  r e s i s t i v i t y  in th is  po t en t i a l  
r a n g e  is n e g l i g i b l e  in c o m p a r i s o n ,  as is i n d e e d  k n o w n  
f r o m  i n d e p e n d e n t  m e a s u r e m e n t s  (18). T h e  c o m p l e x  ca- 
p a c i t a n c e  plots  at m o r e  nega t i ve  bias  po ten t i a l s  d e v e l o p  
in to  two  w e l l - d e f i n e d  c h a r g i n g  p r o c e s s e s ,  and,  thus ,  a 
m o r e  e labora te  e q u i v a l e n t  c i rcu i t  is r e q u i r e d  in o rder  to 
q u a n t i t a t i v e l y  a c c o m m o d a t e  the  e x p e r i m e n t a l  resu l t s  in 
t he  en t i re  po ten t i a l  range.  

F i g u r e  2 a lso  p r e s e n t s  s i m u l a t e d  c u r v e s  p r o d u c e d  
u s i n g  an  a p p r o p r i a t e  c o m p u t e r  p r o g r a m  (17). I t  was  
f o u n d  tha t  t h e  shape  o f  t he  e x p e r i m e n t a l  c a p a c i t a n c e  
plots  at d i f fe ren t  bias Poten t ia l s  is sa t i s fac tor i ly  consis t -  
en t  w i th  the  e q u i v a l e n t  c i rcu i t  p r e s e n t e d  in Fig.  4. ZD in 
Fig.  4 is a finite t r an smi s s ion  line, the  m a t h e m a t i c a l  fo rm 
of  w h i c h  can  be  f o u n d  in, e .g .  Ref .  (15). T h i s  e l e m e n t  
c o m p r i s e s  a r epe t i t i ve  c o m b i n a t i o n  of  a capac i to r  CL and  
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Table I. Values of the parameters of the equivalent circuit in Fig. 4 used to construct the simulated curves of the type presented in Fig. 2 

E R, Rp C~ CL C, RL l~/D ~D 
V ~ cm 2 ~ cm 2 mF cm -2 mF cm -2 mF cm -2 ~ cm 2 s cm 2 s- '  

0.25 0.12 0.0 8.0 
0.40 0.12 0.0 8.0 
0.~0 0.12 0.0 8.0 
0.~0 0.12 0.0 10.0 
0.]-0 0.12 0.0 3.0 4.2 7.2 
0.05 0.12 0.10 1.2 3.0 4.2 
0.b0 0.12 7.0 0.7 2.8 3.5 
0.i"5 0.12 0.5 1.8 4.2 6.0 
0.~0 0.12 0.0 4.5 5.5 10:0 
0.50 0.12 0.0 9.0 
0.~0 0.12 0.0 8.0 
0.~5 0.12 0.0 8.0 

0.80 0.01 10 -s 
11 0.10 10 -9 
83 0.70 10 -~~ 

8.0 0.10 10 -9 
0.60 0.01 10 -a 

a r e s i s t o r  RL, as s h o w n  s c h e m a t i c a l l y  in  Fig. 4. CL is t h u s  
t h e  t o t a l  c a p a c i t a n c e  a s s o c i a t e d  w i t h  t h e  e l e m e n t ,  m e a s -  
u r a b l e  a t  low f r e q u e n c i e s ,  so t h a t  r < <  D/l 2 ( w h e r e  D is a 
d i f f u s i o n  coe f f i c i en t  a n d  I is a c h a r a c t e r i s t i c  l eng th ) .  T h e  
p r o d u c t  RLCL sa t i s f ies  t h e  e x p r e s s i o n  RLCL = lZ/3D (15) in  
t h e  c a s e  w h e r e  t h e  f in i t e  t r a n s m i s s i o n  l i n e  r e p r e s e n t s  a 
d i f f u s i o n a l  p roces s .  R~ a n d  Rp, w h i c h  f o r m a l l y  c o m p r i s e  a 
s ing le  r e s i s t i v e  e l e m e n t ,  w e r e  sp l i t  i n  o r d e r  to m a i n t a i n  a 
c o n s t a n t  v a l u e  for  t h e  s o l u t i o n  r e s i s t a n c e  r e p r e s e n t e d  b y  
Rs. V a l u e s  for  t h e  v a r i o u s  c i r cu i t  e l e m e n t s  of  t h e  equ iva -  
l e n t  c i r c u i t  in  Fig. 4 w e r e  c h o s e n  for  t h e  s i m u l a t i o n s ,  so 
as  to  fi t  b o t h  t h e  s h a p e  a n d  t h e  f r e q u e n c i e s  of  t h e  differ-  
e n t  e x p e r i m e n t a l  r e s u l t s  p r e s e n t e d  in  Fig. 2. 

T h e  v a l u e s  u s e d  to  g e n e r a t e  t h e  s i m u l a t e d  c u r v e s  in  
Fig .  2 a t  d i f f e r e n t  p o t e n t i a l s  a re  s u m m a r i z e d  in  T a b l e  I. 
Ct in  T a b l e  I is  t h e  t o t a l  low f r e q u e n c y  c a p a c i t a n c e  g i v e n  
b y  Ct = C1 + CL; i t  c o r r e s p o n d s  to t h e  e x t r a p o l a t e d  in te r -  
c e p t  of  t h e  s i m u l a t e d  c u r v e s  w i t h  t h e  rea l  ax i s  a t  co -* 0. D 
is a f o r m a l  d i f f u s i o n  coe f f i c i en t  c a l c u l a t e d  f r o m  l~/D a n d  
t a k i n g  1 = 150 n m  ( the  f i lm t h i c k n e s s ) .  

A g r a p h i c  p r e s e n t a t i o n  o f  t h e  d a t a  in  T a b l e  I, i.e., t h e  
v a r i a t i o n  of  Rp, C,, CL, a n d  l~/D w i t h  a p p l i e d  po t en t i a l ,  
w h e n  s t a r t i n g  w i t h  t h e  c o n d u c t i n g  or  t h e  i n s u l a t i n g  
fo rms ,  is g i v e n  in  Fig. 5. N o t a b l e  f e a t u r e s  in  T a b l e  I a n d  
Fig .  5 a re  t h e  f o l l o w i n g .  B o t h  C1 a n d  CL i n c r e a s e  w i t h  a 
p o s i t i v e  sh i f t  of  t h e  po t en t i a l ,  a n d  d e c r e a s e  w i t h  a nega -  
t i v e  sh i f t .  Rp is n e g l i g i b l e  a t  p o s i t i v e  p o t e n t i a l s ,  a n d  be-  
c o m e s  p r e d o m i n a n t  w h e n  t h e  p o t e n t i a l  is  s h i f t e d  to  
m o r e  n e g a t i v e  va lues .  

12/D d e c r e a s e s  w i t h  i n c r e a s e d  p o s i t i v e  p o t e n t i a l .  I n  
t e r m s  o f  a d i f f u s i o n  p r o c e s s ,  D r e s p e c t i v e l y  i n c r e a s e s ;  
t h i s  is a l so  m a n i f e s t e d  as a c o n s i d e r a b l e  r e s p e c t i v e  in-  
c r e a s e  in  RL. 
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Fig. 3, Complex impedance plots at +O.SSV for (o) ~ 150 nm and (b) 

~ 1 5  nm polyaniline films on Pt in 2.0M HCI. Frequencies (in Hz) are 
indicated. 

A t  p o s i t i v e  e n o u g h  p o t e n t i a l s  w h e r e  t h e  two  c h a r g i n g  
p r o c e s s e s  c o n v e r g e  i n t o  a s ing le  s e m i c i r c l e  in  t h e  capac i -  
t a n c e  p lo t  ( and  t h u s  n o  v a l u e s  for  C1 a n d  CL are  g i v e n  in  
T a b l e  I), t h e  two  c i r cu i t  e l e m e n t s  c a n n o t  b e  r e s o l v e d  on  
t h e  bas i s  of  t h e  ac r e s u l t s  a lone .  In  o t h e r  w o r d s ,  t h e  k i n d  
of  c o m b i n a t i o n  of  t h e  two  p r o c e s s e s  w h i c h  p r o d u c e s  t h e  
o b s e r v e d  to t a l  c a p a c i t a n c e  in  t h e  p u r e  c a p a c i t i v e  r e g i o n  
r e m a i n s  a n  o p e n  q u e s t i o n .  I t  s h o u l d  b e  r ea l i zed  w i t h  re- 
s p e c t  to  Z ,  t h a t  for  a s m a l l  e n o u g h  12/D (e.g., l a rge  D) t h e  
e l e m e n t  m a y  b e h a v e  as a p u r e  c a p a c i t o r  in  t h e  m e a s u r e d  
f r e q u e n c y  range .  

Ct g o e s  t h r o u g h  a m a x i m u m  a r o u n d  0.20V, w h e r e  i t s  
m a g n i t u d e  is g r e a t e r  t h a n  t h e  c o n s t a n t  v a l u e  o f  8.0 m F  
c m  -2 o b s e r v e d  at  m o r e  p o s i t i v e  p o t e n t i a l s .  T h e  m a x i m a  
of  Ct a re  o b s e r v e d  in  t h e  v i c i n i t y  of  t h e  v o l t a m m e t r i c  cur-  
r e n t  m a x i m a .  

T h e  s t e e p  v a r i a t i o n s  in  al l  t h e  p a r a m e t e r s  c o i n c i d e  in  
b o t h  t h e  p o s i t i v e  a n d  n e g a t i v e  d i r ec t i ons ,  w i t h  t h e  ox ida -  
t i o n  a n d  r e d u c t i o n  of  t h e  p o l y m e r ,  r e s p e c t i v e l y .  T h u s ,  
t h e  h y s t e r e s i s  o b s e r v e d  in t h e  v o l t a m m e t r i c  b e h a v i o r  of  
p o l y a n i l i n e  (i.e., t h e  a p p a r e n t l y  s c a n - r a t e  i n d e p e n d e n t  
p e a k  s e p a r a t i o n )  is c l e a r l y  o b s e r v e d  u n d e r  c o n s t a n t -  
p o t e n t i a l  c o n d i t i o n s ,  as well .  

I t  is of  i n t e r e s t  to  c o m p a r e  a t  t h i s  p o i n t  t h e  c a p a c i t a n c e  
v a l u e  of  8.0 m F  c m  -2 o b t a i n e d  f r o m  t h e  ac r e s p o n s e  
a t  p o s i t i v e  p o t e n t i a l s  ( t he  " c a p a c i t i v e "  r e g i o n ,  a b o v e  
~0.4V) to t h e  c a p a c i t a n c e  in  t h e  s a m e  p o t e n t i a l  r a n g e  cal- 
c u l a t e d  f r o m  cyc l ic  v o l t a m m e t r y  (Fig. 1), a s s u m i n g  t h a t  
t h e  n e a r l y  flat  v o l t a m m e t r i c  r e s p o n s e  r e p r e s e n t s  p u r e  ca- 
p a c i t i v e  c u r r e n t s .  A s t r a i g h t f o r w a r d  c a l c u l a t i o n  u s i n g  
t h e  r e l a t i o n s h i p  i~ = Ct v ( w h e r e  v is t h e  s c a n  ra te)  y i e l d s  
10 m F  c m  -2 for  t h e  a p p a r e n t  v o l t a m m e t r i c  c a p a c i t a n c e .  
To r e s o l v e  t h e  d i s c r e p a n c y  b e t w e e n  t h e  t w o  n u m b e r s ,  
w e  r e c o r d e d  a " c a p a c i t a n c e  b o x "  in  t h e  r a n g e  0.4-0.55V, 
as  s h o w n  in  Fig. lc .  T h e  v a l u e  o b t a i n e d  f r o m  t h e  v o l t a m -  
m e t r i c  b o x  is i n d e e d  8.0 m F  c m  -2, in  a g r e e m e n t  w i t h  t h e  
ac  r e s u l t s .  I t  is t h u s  e v i d e n t  t h a t  in  t h e  " c a p a c i t i v e  re- 
g i o n "  t h e  a n o d i c  v o l t a m m e t r i c  c u r r e n t  i n c l u d e s  a n o n -  
c a p a c i t i v e  c o n t r i b u t i o n  a m o u n t i n g  to  a b o u t  20% of  t h e  
m e a s u r e d  Current .  

We  a l so  p e r f o r m e d  e x p e r i m e n t s  s i m i l a r  to  t h o s e  de-  
s c r i b e d  a b o v e ,  w i t h  t h i n n e r  p o l y a n i l i n e  f i lms of  -~ 15 n m .  
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Fig. 4. The equivalent circuit used to obtain the simulated curves in 

Fig. 2. 



VoL 134, No. 12 P O L Y A N I L I N E  F I L M S  O N  E L E C T R O D E S  3081 

0.8 

r  oo.4- 

6 -  
0,I  

'E 4 -  
(..) 

u:. 2 -  
E 

6 -  
CXl 

I 

E 4 - -  

d. 2 -  
E 

IM 

Ee-  

l 4  

I I 

I 

Y 
I I 

/ 
I I 

I 

2/D 

I 

CL 

I 

Ci 

L 
0( 2 0 O.2 

E ( V O L T S  vs.SCE) 
Fig. 5. Simulation results for the potential dependence of Rp, C~ (see 

I 

Rp - 

I 

O.4 O.6 

Fig. 4), CL, and F/D (associated with ZD in Fig. 4, see text) for the elec- 
trode in Fig. 2 (the values are given in Table I). 

Typical  results showing the ac response of a thin film at 
two bias potentials are presented in Fig. 6. The complex  
capaci tance plots comprise a clear capacit ive e lement  at 
higher  frequencies,  and a poorly defined slow process at 
low frequencies.  While the high-frequency capacit ive el- 
emen t  is h ighly  reproduc ib le  in repea ted  expe r imen t s  
with different  films, the shape of the low-frequency ele- 
m e n t  may vary be tween  exper iments ;  fur thermore ,  it 
cannot  be s imulated with the equivalent  circuit  of Fig. 4. 
This  may sugges t  that  the  low-f requency  domain  com- 
prises,  in addi t ion  to the t ransmiss ion  line, a contr ibu-  
t ion f rom a poorly  rep roduc ib le  low-f requency  back- 
g round  process,  becoming  more  p ronounced  with  the 
lower  cur ren ts  associa ted with  the th in  film. We, there-  
fore, did not a t tempt  to simulate the results for the thin 
film, and Table II presents data for R~, Rp, and C ,  calcu- 
lated in a s traightforward manner  from the extrapolated 
in te rcep t  and r of  the h igh- f requency  semic i rc le  at 
d i f ferent  potent ials .  Evident ly ,  the var ia t ions  in these  
parameters  with appl ied bias potent ia l  are qual i ta t ively  
s imi lar  to the th icker  films, and R~ is the same in both 
cases, within exper imenta l  error, as would be expected,  
i f  R~ indeed  represents  the solut ion resis tance.  The ex- 
t rapolated high-frequency region of the impedance  plots 
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Fig. 6. Complex capacitance plots at two bias potentials for ~15  nm 

polyaniline on Pt in 2.0M HCI. Frequencies (in Hz) are indicated. 

(Fig. 3) also i l lustrates  the similaritY of Rs for d i f ferent  
thicknesses.  

Discussion 
The analysis of the exper imenta l  complex  capacitance 

plots  wi th  th icker  polyani l ine  films p roduces  very  good 
agreement  with the equivalent  circuit  of Fig. 4. We shall 
use these  resul ts  and preVious data on the polyani l ine  
system to suggest a possible interpretat ion of various cir- 
cuit  e lements  in terms of physical processes. 

The resistive elements  appear to comprise  a potential- 
i n d e p e n d e n t  solut ion res is tance  R ,  and a potent ial-  
dependen t  polymer  series resistance R,, which increases 
as the po lymer  is r educed  and gradual ly  becomes  insu- 
la t ing (18). This is suppor ted  by the fact that  the mea- 
sured value of Rs is the same (within exper imenta l  error) 
for the thick and thin films, and that R, is consis tent  with 
the calculated solution resistance (19). 

A basic quest ion is "what  are the two potential-depen- 
dent  processes represented by C, and ZD." The following 
is a discussion of two possible models:  

The two-phase modeL--Here  one a t t r ibutes  the two 
paral lel  componen t s  to t w o  dif ferent  phases  wi th in  the 
polymer ,  i.e., " m o r e  conduc t ing"  segments  d isp lay ing  
one type of behavior ,  and "more  insu la t ing"  segments  
displaying a different type of behavior.  Keeping in mind 
that  the switching of the polymer  occurs gradually over a 
cer ta in  potent ia l  span, and that  the swi tching  may in- 
volve a sequent ial  phase transit ion of polymer  segments,  
the co-existence of two phases may be expected.  Accord- 
ing to this model,  C ,  which is a faster process, is related 
to the more conduct ing phase, while the slower Z,  repre- 
sents  the more  insula t ing  phase.  The exac t  nature  of 
each process  under  these assumpt ions  is o therwise  un- 

Table II. Values calculated from capacitance plots 
of the type presented in Fig. 6 (see text) 

E C, R~ R, 
V m F  ClT1-2 ~ cm z fl cm 2 

0.55 0.55 0.13 0.00 
0.~0 0.55 0.13 0.00 
0.15 0.46 0.13 0.00 
0.i0 0.44 0.13 0.00 
0.~5 0.23 0.13 0.04 
0.00 0.15 0.13 1.87 
0.~5 0.32 0.13 0.13 
0.~0 0.65 0.13 0.03 
0.50 0.57 0.13 0.00 
0.55 0.55 0.13 0.00 
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clear. A two-phase  p ic ture  is cons is ten t  with the sug- 
ges ted  mode l  for the pecul iar  vo l t ammet r i c  behavior  of 
conduct ing polymers (11). 

A problem in adopting this model  is the fact that both 
C~ and CL vary in magni tude  in the same direction. If the 
expe r imen ta l  resul ts  reflect  swi tching  of po lymer  seg- 
ments,  one would expect  the two components  to grow at 
the expense  of each other, and not together.  We therefore 
emphasize ,  in more  detail,  the second mode l  below, 
wh ich  appears  to be more  cons is ten t  wi th  the experi-  
mental  results. 

The double- layer / faradaic  model . - -Here  one assumes  
that, from an electrical point of view, the polymer  be- 
haves as a single homogeneous  phase;  C1 and ZD repre- 
sent some combinat ion of double-layer capacitance and 
faradaic react ion (13), both being potent ia l  d e p e n d e n t  
and re la ted to the po lymer  switching.  Accord ing  to this 
model ,  if  indeed  swi tching  of  the po lymer  involves  a 
phase  t rans i t ion  of  po lymer  segments ,  it is not  d i rec t ly  
reflected in the electrical behavior.  

The nex t  step in evaluat ing  this mode l  is the assign- 
men t  of  the two electr ical  components .  Here  two possi- 
bilities appear reasonable. 

1. C1 is the double- layer  capaci tance,  which,  as sug- 
ges ted  by Fe ldberg  (13), increases  gradual ly  upon  
switching of the polymer due to the increasing effective 
e lec t rode  area. ZD will  then  represen t  a diffusion-con- 
trolled faradaic process, responsible for the oxidation/re- 
duc t ion  of the polymer.  Under  d i f fus ion-contro l  condi- 
t ions (within the polymer) the process will be electrically 
analogous to a finite t ransmission line (15). The decrease 
of 12/D towards posit ive potentials can be reasonably as- 
sumed to reflect an increase in D for react ing species or 
counter ions .  At the posi t ive  end 12/D (the t ime-cons tan t  
of the diffusion process) drops to a value low enough so 
that  the e l emen t  becomes  pure ly  capaci t ive  wi th in  the 
measu red  f requency  range. Thus, depend ing  on the 
value  of CL in that  region (which is not  known), it may 
contr ibute  to the overall capacitance at the posit ive end. 

2. C~ is a faradaic pseudo-capacitance,  associated with 
a fast e lec t ron- t ransfer  process  confined to the film. In 
terms of a finite t ransmission line, the switching reaction 
has a low enough 12/D so that it behaves as a pure capaci- 
tor  t h roughou t  the measured  potent ia l  range. ZD then  
represents  the double-layer  capacitance,  which appears 
as a t ransmiss ion  l ine due to the porous  nature  of  the 
electrode. Depending on the values of CL, RL, and the fre- 
quency  domain, the double-layer capacitance of a porous 
electrode may behave as a t ransmission line (21). In this 
case of a rather low electrode conductivi ty,  R~ will repre- 
sent the resistance on the electrode side, rather than the 
solution side which is the usual case (21). At posit ive po- 
tent ia ls  where  RL becomes  very small,  this e l emen t  wil'l 
behave  as a pure  capaci tor  in the measured  f r equency  
range. 

For  both cases, the potent ia l  dependence  of the  vari- 
ous e lements  in Table I is cons is ten t  wi th  the physical  
picture. Thus, a precise ass ignment  of C, and ZD, i.e., the 
choice  be tween  cases 1 and 2 above, is not  poss ib le  on 
the basis of  the present results. In addition, in both cases 
the s ingle capaci t ive  process  observed  at the posi t ive  
end may reflect either of the twoe lemen t s ,  or a combina- 
tion. 

The resul ts  obta ined  with  th in  films (Fig. 6) may shed 
some light on this last question. The fact that the capaci- 
tance  plots  for the th in  film at +0.55V clearly show the 
con t r ibu t ion  of two circui t  e lements  to the total  capaci- 
tance  suggests  that  the single capaci t ive  process  ob- 
served with thick films at posit ive potentials analogously 
inc ludes  con t r ibu t ions  of the two paral lel  e lements .  It 
can be reasonably  argued that  as the film th ickness  I is 
tenfold  increased,  the t ime cons tant  12/D cor respond ing  
to ZD becomes large enough so that its characterist ic ca- 
pacit ive response is shifted to a lower f requency domain, 
where  it becomes indis t inguishable from C,. 

Summary 
AC- impedance  measu remen t s  in a wide f requency  

range were performed with polyanil ine films on Pt  elec- 

t rode in 2.0M HC1 solution. Measurements  were  per- 
formed under  steady-state conditions at various bias po- 
tentials ,  with the dc potent ia l  be ing var ied  in the 
nega t ive  and posi t ive  direct ions.  The resul ts  were  pre- 
sented primari ly as complex capacitance plots, with the 
series res is tance  be ing  also ex t rac ted  from impedance  
plots at high frequencies.  The capacitance plots for =150 
nm polyanil ine films indicate a single series RC behavior  
at posit ive potentials (the vol tammetr ic  "capaci t ive"  re- 
gion), which develops into two well-defined processes ~t 
lower  potent ials .  The ac capaci tance  at +0.55V is iden- 
tical to the one obtained from vol tammetr ic  curves in the 
"capaci t ive"  region. 

The complex  capac i tance  plots in the ent i re  vol tage 
range can be sat isfactori ly s imula ted  (both the shape of 
the curves  and the values  of ind iv idual  f requencies)  
using an equivalent  circuit  compris ing a constant  resist- 
ance R ,  in series wi th  a po ten t i a l -dependen t  res is tance 
Rp, both in series with a parallel combinat ion of a capaci- 
tor C1 and a finite t ransmission line ZD. 

The th ickness  i ndependence  of R~ and the ag reemen t  
wi th  the calcula ted solut ion res is tance  indica te  that  Rs 
represen ts  the solut ion series resistance.  Thus,  at posi- 
t ive potentials polyaniline behaves as a pure capacitor in 
series wi th  a solut ion resis tance.  Rp is in te rp re ted  as 
po lymer  series resis tance,  becoming  p ronounced  upon  
reduct ion of the polymer. 

It is argued that  C1 and ZD represent  a double-layer ca- 
paci tance component  and a faradaic component ,  both of 
which may behave under  different conditions, ei ther as a 
pure capacitor or as a t ransmission line. It appears that at 
pos i t ive  potent ia ls  the two combine  into an apparen t  
s ingle capaci t ive  e lement  for 2150 nm films, while  they 
remain  separated for ~15 nm films due to the difference 
in the t ime-constant  12/D. The values of Rp, C1, and ZD, ob- 
ta ined under  steady-state conditions, undergo sharp var- 
iations upon oxidation or reduct ion of the polymer,  dis- 
p laying the same type of  hysteresis  ev iden t  in 
vol tammetr ic  experiments .  
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Aqueous Redox Transition Metal Complexes for Electrochemical 
Applications as a Function of pH 

Jorge G. Ibanez, Chan-Soo Choi, and Ralph S. Becker 
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ABSTRACT 

The electrochemistry of a large number  of transition metal complexes of iron, cobalt, chromium, and ruthenium have 
been examined  regarding their  anodic and cathode peak potential,  peak separation, and reversibi l i ty as a funct ion of a 
broad pH range. Criteria for reversibility are considered. In addition, absorption and/or color characteristics have been de- 
scribed at a fixed pH. The stability of stored samples in terms of cyclic vol tammetry and absorption spectra has been ex- 
amined for a given period of time. A significant number  of redox couples have properties which should make them useful 
in photoelectrochemistry, and other electrochemical applications, catalysis, redox flow cells, and the like. 

Soluble  redox  sys tems are sui table  for a n u m b e r  of 
e l ec t rochemica l  appl icat ions ,  including:  photoe lec t ro-  
chemical  cells (PEC) (1-3), redox flow cells (1, 2), electro- 
luminescence  (4), photosensi t izers  for PEC (3, 5), photo- 
catalysis at semiconduc to r  e lectrodes  (6), homogeneous  
catalysis (7), selective etching of semiconductors  (4), cor- 
rosion suppression (8), etc. Unfortunately,  the instabili ty 
of  the radicals involved in some redox processes and the 
low solubili t ies of a large number  of couples are respon- 
sible for the l imi ted  usefulness  of aqueous  sys tems (9). 
A l though  a m u c h  larger  n u m b e r  of r edox  couples  are 
available for use in nonaqueous  systems (10), these re- 
quire more specialized handling and storing techniques  
than their  aqueous counterparts.  Fur thermore ,  it is often 
difficult  to obtain both halves  of  the  couple  co-exis t ing  
in these systems. 

In the  above  examples  where  s emiconduc to r  elec- 
trodes are used, the interface be tween a solution and the 
electrode is obviously different than that  be tween a solu- 
t ion and a meta l  e lectrode.  Par t  of this work  entai ls  the 
de t e rmina t ion  of  the he t e rogeneous  s tandard  e lec t ron  
transfer  rate constant, from which the quality of reversi- 
bili ty of the couples is determined,  using plat inum elec- 
t rodes  (see Resul t s  and Discuss ion  section). We do not  
in tend to infer that the charge transfer kinetics be tween 
a metal  e lectrode and solution are the same as be tween a 
s e m i c o n d u c t o r  e lec t rode  and solution.  The pr inc ipa l  
goal is to evaluate the quali ty of reversibil i ty of couples 
that  can be used in PEC since this is an important  aspect  
for a useful PEC cell. 

We were mainly interested in those redox couples that 
are stable in appropriate pH ranges and have appropriate 
redox potentials,  For  example,  those couples to be used 
with n-type semiconductors  (SC) often need to have pos- 
it ive redox potential,  whereas the ones often most  useful 
for p- type SC are those  with  nega t ive  potent ials .  In the 
beginning,  those metal  complexes  with reasonably high 
equ i l ib r ium constants  [screened from Ref. (11-18)] were 
selected for testing. It was also desired that  they showed 
solubili t ies at least in the 10+ mil l imolar  (mM) range, and 
that  their  optical densities were as low as possible in the 
visible and near infrared spectral regions. 

Severa l  t rans i t ion  meta l  r edox  couples  have been  
tested and repor ted  in the literature, a l though not always 
over  broad pH ranges  (nor for ex t ended  t ime periods);  
these  were  not  inc luded  in the present  invest igat ion.  
S o m e  of t hem are: [Fe(II/III)(CN)G] 4-/3- (19), Eu(II/III)  
(20), Ti(III/IV) (19,21), Fe(II /III)  (19,21), Ce(III/IV) 
(19, 21), Co(II/III) (8), cobalt sepulchrate  (3), and the chro- 
mium complex  of ferrocene carboxylic acid (9). 

Our l i te ra ture  screening  revealed  several  complexes  
which  appeared  to have reasonable  equ i l ib r ium con- 
stants.  After  p re l iminary  tests, we d iscarded  those  not  
fulfilling the requi rements  of solubility and reversibility. 
We then  focused on the s tudy of Fe(EDTA, DTPA, 
HEEDTA, PHEN, BIPY, EN, DIEN, TEA, and SALEN), 
ferrocene dicarboxylic acid, Co(EN, BIPY, and ammo- 
nia), Cr(EDTA), and Ru(BIPY) complexes ;  regard ing  
their  redox potential  propert ies  as a funct ion of the pH of 
the solution,  the i r  absorp t ion  spectra,  and the t ime sta- 
bi l i ty of  both the absorp t ion  spectra  and redox  poten- 
tials. To our knowledge,  a comprehens ive  study like the 
present  one has not been reported before. 

The pH of solut ions of  redox  t rans i t ion  meta l  com- 
p lexes  is of  pa ramoun t  impor tance  wi th  regard to thei r  
stabil i t ies,  and often t imes  with  regard to their  r edox  
proper t ies  and absorp t ion  character is t ics .  Such  pH de- 
p e n d e n c e  is not  only impor tan t  for the s tabi l i ty  and re- 
versibil i ty characterist ics of the complex,  but  also for the 
performance of cells involving the hydrogen or the water  
r edox  react ion (22), for oxide  or hyd rox ide  layer  forma- 
tion, and for surface states (that are f r equen t ly  pH- 
sensit ive (23)) involved in charge-transfer processes and 
semiconductor  energetics at the SC-electrolyte. 

Experimental 
A PAR Model 174A polarographic analyzer and a PAR 

Model  173 potent ios ta t  wi th  appropr ia te  cur ren t  and/or 
charge- to-vol tage  conver te rs  (PAR Model  179 plug-in 
modules)  were employed for the e lectrochemical  experi-  
ments .  The cur ren t -potent ia l  curves  were  recorded  
e i ther  on a Hous ton  In s t rum en t  Model  HR-97 X - u  re- 
corder  wi th  the PAR Model  174A, or on a Hous ton  In- 
s t rument  Model 2000 X-Y recorder with the PAR Model 
173. An EG & G PAR Model 175 universa l  p r o g r a m m e r  
was employed for the potential  programming.  A Cary 15 
was used for the measurements  of absorpt ion spectra of 
the solutions. 

For  cyc lovo l t ammet r i c  (CV) inves t iga t ions  at room 
tempera tu re ,  a s ingle c o m p a r t m e n t  cell wi th  a capaci ty  
of 30 ml was employed.  All solut ions were  purged  with 
prepurified argon (minimum 99.998%) or ni t rogen (mini- 
m u m  99.998%) pr ior  to expe r imen ta t ion .  A p la t inum 
e lec t rode  (area = 0.00196 cm2), a carbon  disk e lec t rode  
(area = 0.283 cm2), or a hanging mercury  drop electrode 
was used as a work ing  e lect rode;  a p la t inum wire elec- 
t rode was used as a counterelectrode;  and a commercia l  
aqueous  saturated calomel electrode (SCE) was used as a 
re fe rence  electrode.  All the  potent ia ls  were  measu red  
with respect  to the SCE reference electrode. 


