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PRELIMINARY NOTE 

Equivalent circuits for the binary electrolyte in the Warburg region 

J.R. MACDONALD 

Texas Instruments Incorporated, MS227, P.0. Box 5474, Dallas, Texas 75222 /U.S.A.) 

(Received 4th August, 1973) 

The question of the most appropriate equivalent circuit to use in analyzing 
impedance measurements for a given electrolytic cell situation is an important one which is 
currently attracting renewed interest ‘-‘. An incorrect choice can lead to misleading 
conclusions about the processes occurring in the cell. In this note, I shall consider only a 
cell containing a binary electrolyte; thus no supporting indifferent electrolyte is added, and 
only two mobile charge types of opposite sign are present. The results should apply not 
only to dissociated charge in liquid solvents but also to many fused salt and solid material 
situations. 

In a recently published paper6, a quite general exact microscopic theory of the 
impedance of a binary-charge system is presented which allows the charges to have 
arbitrary mobilities, pa and pp, and arbitrary valence numbers, zn and zp. The situation 
analyzed includes extrinsic as well as intrinsic conduction; here, however, only intrinsic will 
be considered. This treatment involves the usual boundary condition dimensionless param- 
eters rp and r,. When one_ of these is zero, the electrode is blocking (ideally polarized) for 
the charge type involved; alternatively, when r, = 00, say, negative charges discharge and/or 
appear at the electrode (first-order reaction) without perturbing the steady-state 
concentration there, equivalent to an infiite reaction rate for the charges involved. 
Although rr, and r, do not allow the possibility of rectification, they do cover the entire 
range of conditions from complete blocking to infinite reaction rates and are thus relatively 
general. 

Because of the complexity of the closed-form analytical results of the above 
theory, only the zero-frequency limiting values of the frequency-dependent capacitance, Ci, 
and resistance, Ri, were examin ed in detail in ref. 6. A further paper is in preparation which 
discusses the frequency response of the overall cell impedance and admittance components 
in detail for all frequency regions of interest for the intrinsic conduction situation’. The 
anal;rsis of the Warburg response region, one of the main regions of usual electrolytic 
interest, has yielded several unexpected results which seem likely to explain a considerable 
body of experimental measurements and thus warrant this preliminary discussion. It is 
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important to mention, however, that the theoretical results follow from a linearized theory6 
and thus apply most appropriately when the equilibrium potential is coincident with that 
for zero net electrode charge. Thus, an alternating potential small compared to (RTIF) is 
applied to perturb slightly the equilibrium state of the system. Nevertheless, it is Likely that 
the present results will apply qualitatively or possibly even semi-quantitatively for an 
appreciably wider static potential span around equilibrium. 

‘d Cq 

(0) (b) 

Fig. 1. (a) Conventional equivalent circuit for a Warburg frequency response region WIthout specific 
adsorption. (b) Approximate binary-charge-situation equivalent circuit for the saturation frequency 
region which follows Warburg response when it occurs. 

Figure la shows the usual RancUes equivalent circuit for a simple cell without 
specific ionic adsorption. As usual, a small working and a large indifferent counter electrode 
are considered. The circuit thus applies primarily to the working electrode. Here cd iS the 
double-layer capacitance (all quantities wnl be considered for unit electrode area), R- the 
solution resistance, Rd the charge transfer resistance, and Zw a Warburg impedance, 

arising from a linear diffusion process. Here Ae is the Warburg parameter, i G d-1, and w 
is the radial frequency. Unfortunately, while this circuit has seen yeoman service in the past, 
it has usually been applied indiscriminately to both supported and unsupported electrolyte 
situations. As we shall see, to the degree that the present result@ *’ are applicable, the 

circuit is inappropriate for a binary unsupported situation. 

Current work on the binary case shows that the overall total cell admittance or 
impedance exhibits explicit approximate Warburg behavior onZy when (a) charges of one 
sign are completely or nearly completely blocked, and (b) charges of opposite sign are 
relatively free to discharge and, as well, have much lower mobilities than do the blocked 
charges. Such strongly different mobilities are unnecessary to allow the basic frequency- 
dependent impedance Zi appearing in the theory6 to exhibit Warburg response but are 
necessary to allow such Warburg behavior to be reflected in the externally measured 

impedance. 
Let us adopt the nomenclature used in the earlier work6 to represent a specific 

binary electrolyte situation: (rp, r, ; Jr,, ?T= ; 0, M). Here Tm is the mobility ratio &.Jfip ; nz 
is the valence number ratio zr,/zp ; and M 3 Z/%!,D. Since LD is the Ordin~ Debye length, 
M measures the number of Debye lengths contained in half the distance I between 
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e lec t rodes  ( t a k e n  place,  parallel  a n d  ident ica l  in the  t heo ry ) .  In  m o s t  cases o f  in te res t ,  M > >  
102 , a c o n d i t i o n  a s sume d  to  h o l d  here  a l t h o u g h  the  full t h e o r y  applies for  any  M. Thus ,  a 
c o n d i t i o n  for  ex t e rna l  Warburg  behavior  m igh t  be wr i t t en  (0,  r n ; 7r m,  ~rz; O, M) ,  w h e r e  

rrm < <  10 - 2  , rn > >  1, and  rcz is a rb i t r a ry  b u t  usua l ly  l imi ted  to the  range 0.25 ~ rrz ~ 4 by  
available ionic valences.  An  en t i r e ly  equ iva len t  s i tua t ion  as far as ex te rna l  i m p e d a n c e  is 
c o n c e r n e d  is 6 ( rp ,  0;  nrn ~x  , 7Tz "--1 ; O, M) .  Note  tha t  for  b o t h  cases the  reac t ing  carr ier  has  
m u c h  lower  m o b i l i t y  t han  does  the  b l o c k e d  carrier .  

N o w  the  usual  express ion  for  Ao app ly ing  for  a single w o r k i n g  e l e c t r o d e  w h e n  
oxidiz ing  and  r educ ing  species (d i f fus ion  coef f i c i en t s  DO,  D R ; c o n c e n t r a t i o n s  c o and  CR) 
are p re sen t  at  the  e l ec t rode  m a y  be wr i t t en  at  the  equ i l ib r ium po ten t i a l  as s - m  

- - _ _ " o  i • I - '  A o  - 1  (2) 

Here n is the  n u m b e r  o f  e l ec t rons  par t i c ipa t ing  in the reac t ion ,  and  vO and  VR are the  
s to i c luome t r i c  fac tors  o f  the e l e c t r oc he mica l l y  active species in the  overall  e l e c t r o d e  

r eac t ion  1°. Calcula t ions  l e a d i ng  to  resul ts  o f  this t y p e  have,  h e r e t o f o r e ,  a lways  b e e n  carr ied  

ou t ,  e i the r  exp l ic i t ly  or impl ic i t ly ,  for  a s u p p o r t e d  e l ec t ro ly t e  s i tua t ion ;  thus ,  n o  d i rec t  
e lectr ical  i n t e r ac t i on  b e t w e e n  active species has  b e e n  assumed.  

The  p resen t  w o r k  6 shows tha t  in the  u n s u p p o r t e d  case Poisson 's  e q u a t i o n  leads to  

e x t r e m e l y  s t rong  coup l ing  b e t w e e n  posit ive and  negat ive mobi le  charge  and  thus,  in the  

Warburg  s i tua t ion ,  b e t w e e n  b l oc ke d  and  reac t ing  charges.  Fo r  this  reason,  resul ts  such  as 
t ha t  o f  eqn.  (2)  are inappl icable ,  in general ,  to  the  u n s u p p o r t e d  case. In the  p r e sen t  charge 
t ransfe r  u n s u p p o r t e d  s i tua t ion ,  we deal w i t h  faradaic  c o n d u c t i o n  for  the  reac t ing  species. 
As G r a h a m e  p o i n t e d  ou t  long  ago, a faradaic  process  is one  w h i c h  al lows a c o n t i n u o u s  
cu r r en t  to  f low I ~ . Thus,  w h e n  such  a process  is p r e sen t  one  w o u l d  e x p e c t  t h a t  the  
appropr i a t e  equ iva len t  c i rcui t  w o u l d  have to  c o n t a i n  a f r e q u e n c y - i n d e p e n d e n t  resistive p a t h  
b e t w e e n  e lec t rodes .  The  c i rcu i t  o f  Fig. 1 a con ta ins  n o  such  p a t h  n o r  do  m o s t  previous  
equ iva len t  c i rcui ts  for  pa r t ly  b lock ing  e l e c t r o c h e m i c a l  s i tuat ions .  S u c h  a pa th ,  r e p r e s e n t e d  
by  a resis tance R D ,  does  arise na tura l ly ,  however ,  as par t  o f  the  p resen t  t heo re t i ca l  
t r e a t m e n t  6 . A typ ica l  s i tua t ion  migh t  be tha t  r e p r e s e n t e d  by  the  cell AglAgF(aq. ) lAg.  
Dur ing  one  ha l f  cyc le  o f  an appl ied  s inusoidal  po ten t i a l ,  Ag + is c r e a t e d  at  one  e l e c t r o d e  and  
the  discharge process  Ag + + e--- --~ Ag occurs  a t  the  o ther .  Dur ing  the  n e x t  h a l f  cyc le ,  these  
processes  are reversed.  

Le t  us n o w  def ine  gp ~ 1 + ( rp /2 )  and  gn = 1 + ( rn /2)  and  take  Pl  a n d  n i as the  
bu lk  c o n c e n t r a t i o n s  o f  the posi t ive and  negat ive mob i l e  charges.  In  a neu t r a l  b u l k  region,  

e l e c t r o n e u t r a l i t y  requi res  Z p p  i = Z n n  i. T h e o r y  for  the u n s u p p o r t e d  s i tua t ion  leads,  for  a 

single w o r k i n g  e l ec t rode ,  to  e ,7 w h e r e  D I  = ( R  T / F z l ) g i  , and  we  have  w r i t t e n  (znni  + Zpp-~]2  

r a the r  t h a n  Z n n  I or Z p p l  for  the  sake o f  s y m m e t r y .  

(XI~2FZ~ ~gp-gn)z(znni +ZpPi) [( I + I ) ( I  l ) l - '~ 
Ao--1 = R T ! \ g p g n  2 z p D p  z n D n  Zp + Zn~'-a ( 3 )  
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For’external Warburg behavior let us hereafter take, for example, positive charges 
blocked, negative charges free to react. ThengP = 1 and usually gn >> 1. Thus, the term 
[(gP - gn)/g$n12 will be very close to unity and may frequently be neglected. When z, = 
zp=z,, the above result simplifies appreciably and we obtain 

where ci is the common value of p1 and ni in this situation. Although this result shows some 
similarity to that of eqn. (2)‘wit.h Iv0 I = IVR I = 1, appreciable differences are apparent. Let 
usnow~sotake~O=~R=~=~,=~p,Cg=CR = Ci, and ze = IZ. Then both (2) and (4) 
lead to the often used expression 

Ao-’ = n2 F2c,m/R T (3 

Note, however, that the ci appropriate for the unsupported binary situation is defined in 

the bulk, not at the reacting electrode as required by Vetterr2 for the usual supported case. 
Next, since it is necessary that 7~~ << 10m2 for external Warburg response in the 

unsupported situation (0, r,; nr,, 7r,; 0, M), Dn <<D, and eqn. (3) reduces to 

where 

6p 3 (1+77,)-l = Zp/(Zp +Zn) 

(6) 

Note that no Warburg response occurs when rp = r, and thus (gp - g,) = 0. Appreciable 
response thus requires r, >> rp or rp >> rn. 

Finally, appropriate equivalent circuits for the unsupported situation will be 
considered for the case of two identical, plane parallel electrodes. Define the basic 
normalized frequency a as a z WrD, where the dielectric relaxation time TD is given by 

C&L. R, has already been defined and Cg G e/47rZ for two identical plane paralIe1 
electrodes* .6. Here E is the dielectric constant of the basic bulk material in the absence of 
mobile charge. The quantity 7~ is intensive (not a function of r) just as it should be. 
Obvious changes in the magnitudes of the intensive circuit elements may be made in order 
to transform the present results to a single working electrode situation. When plane parahel 
electrodes are not employed, Cg and R, may either be calculated for the actual geometry 
used or be measured directly, if practical, at sufficiently high frequencies that these 
elements dominate the overall equivalent circuit of the cell, ie. S2 > 0.1. 

For an external Warburg case such as (0, r, ; nm, rrz ; 0, M) with rn >> 1, M >> 102, 

and rr,M < 1, it has been found’ that the overall cell impedance shows approximate 

Warburg behavior over an appreciable frequency span contained in the range 10MB2 < 

(sL/Tm) < 1. For S2 < 10 mmMe2, the overall parallel capacitance of the circuit, Cp, 

saturates at the very high limiting value Cpa s Cg f C,e >> Cg, where a general expression 
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for  Ci0 has  r e c e n t l y  b e e n  g i v e n  6 . F o r  t he  range 10rr m ~ ~2 ~< 0.1,  o n  t he  o t h e r  h a n d ,  t h e  
eapae i t a t ive  e l e m e n t  o f Z i ,  Ci, m a i n t a i n s  an  essent ia l ly  c o n s t a n t  p l a t eau  value ,  Cis ,  g iven in 
the  p l a ne  paral le l  e l e c t r o d e  ease b y  7 

Cis  ~ ( M ~ p  -- 1)Cg ~ MV~-pCg = (e/87r)[4rrF~'zp2pi/eR T] ~ (8 )  

T h e  to ta l  paral le l  c a p a c i t a n c e  Cp o n l y  r e m a i n s  at  t he  value  C p s  ~ Cg + Cis  ~ M~/'g-pCg over  
the  range lOtr m ~<( ~ 2 ~  ( 1 0 M ~ p )  - l  , h o w e v e r .  

N o w  it  t u r n s  o u t  t ,6 t ha t  fo r  t he  c o m p l e t e  b l o c k i n g  s i t u a t i o n  ( rp  = rn  = 0)  t he  l o w  
f r e q u e n c y  l i m i t i n g  va lue  o f  C l is Ci0 = (M -- 1)Cg, s o ' t h a t  Cp0 = MCg is j u s t  t h e  o r d i n a r y  
d o u b l e - l a y e r  c a p a c i t a n c e  o f  t w o  in t e r f ace  reg ions  in  series ( t w o  iden t i ca l  p l ane  paral le l  
e l ec t rodes ) .  F o r  Ztrn < <  I 0 - -2 ,  M > >  I 02 , a n d  ~2 o u t s i d e  the  l o w - f r e q u e n c y  l i m i t i n g  reg ion ,  
t he re  is a t r a n s i t i o n  f r o m  C~o to  Cis  ~ (MN/Ep -- 1)Cg, the  same  va lue  as f o u n d  above .  In  
a d d i t i o n ,  Cp aEairt r e m a i n s  a t  the  p l a t e a u  value  CpS in the  r eg ion  10rr m ~< ~ 2 ~  ( 1 0 M V ~ p )  -11 
w h i c h  m a y  be  app rec i ab l e  w h e n  ¢rmM < <  1, t h e n  Finally falls t o w a r d  Cg for  ~2 ~ ( M ~ p )  - x  . 
In  the  p l a t e a u  reg ion  t he  resul ts  are i n d e p e n d e n t  o f  t he  va lue  o f  rn  ( i n s u f f i c i e n t  t i m e  for  
e l e c t r o d e  r e ac t i ons  invo lv ing  the  l ow  m o b i l i t y  nega t ive  charges  to  m a n i f e s t  t h e m s e l v e s )  a n d  
t h u s  o f  w h e t h e r  charges  o f  b o t h  signs axe c o m p l e t e l y  b l o c k e d  or  n o t .  A n  a p p r o x i m a t e  
e q u i v a l e n t  c i r cu i t  for  th is  r eg ion  is s h o w n  in Fig.  1 b. I t  app l ies  fo r  b o t h  (0,  0 )  a n d  (0 ,  rn)  
eases  w h e n  7rmM < <  1. In  t he  p r e s e n t  rrm < <  1 ease,  t he  p l a t e a u  value  C p s  m a y  t h u s  be 
c o n s i d e r e d  t he  e f fec t ive  d o u b l e  l aye r  c a p a c i t a n c e  r a t h e r  t h a n  Cpo .  

The  necessa ry  res i s tance  R D  c o n n e c t i n g  t h e  t w o  e l e c t r o d e s  in  t he  rn > 0 case ~ ,6,7 
has  b e e n  o m i t t e d  h e r e  s ince i t  is a lways  ve ry  m u c h  g rea te r  t h a n  R ~  in t h e  p r e s e n t  case 
w h e n  rrrn < <  10 - z .  N o t e  t ha t  the  b r idg ing  c a p a c i t a n c e  Cg a p p e a r i n g  in Fig. l b  s h o u l d  also 
a p p e a r  b e t w e e n  t he  t w o  e l e c t r o d e s  in  Fig.  la .  I t  has  c u s t o m a r i l y  b e e n  o m i t t e d  f r o m  ci rcui ts  
o f  this  t y p e  a , a l t h o u g h  i t  is o f  c ruc ia l  i m p o r t a n c e  in  t he  h i g h  f r e q u e n c y  range ~2 > 0.1.  

When  t he  e x a c t  e x p r e s s i o n  for  Z i  given ear l ier  6 is s imp l i f i ed  7 fo r  t he  e x t e r n a l  
Warburg  range a n d  c o m b i n e d  w i t h  t he  exac t  e q u i v a l e n t  c i r cu i t  o f  t he  s i t u a t i o n  2 ,6, one  m a y  

r , ,  r I f  , 

C • C 

~/~/ Rm I, ZW • ~ \~/~// 

O 

Fig. 2. Approximate equivalent circuits for the binary-charge-situation in the external Warburg 
frequency region. 

der ive t w o  g o o d  a p p r o x i m a t e  c i rcu i t s  fo r  th is  f r e q u e n c y  range in t he  u n s u p p o r t e d  case 7 . 
T hese  a l m o s t  e qua l l y  val id  c i rcu i t s  are s h o w n  in  Fig.  2a  a n d  2b.  T h e  Warbu rg  i m p e d a n c e  
p r e s e n t  in  these c i rcu i t s  involves ,  fo r  t w o  iden t i ca l  plane paral le l  e l ec t rodes ,  t he  A o  --a given 
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in eqn. (6) divided by two, to high approximation. Further, the elements Cep and R& are 

frequency independent to good approximation over most of the external Warburg range. In 
the first of these circuits RD has cancelled out almost completely in this frequency range; 
in the second circuit it has been neglected compared to the usually much smaller 

CL + Res]. A slightly more accurate version of the circuit of Fig. 2a involves Cop 
connected between the left electrode and the Zefr terminal of R, (compare Fig. la). When 
n,M << 1, the usual case of interest, the magnitude of the impedance of C&S is so much 
larger than&, in the external Warburg region, however, that the connection shown is 
adequate. 

Comparison of Figs. la, 2a, and 2b yields some interesting conclusions. First, it is 
clear that an appreciable parallel capacitance, such as the double layer Cd of Fig. la and a 
series reaction resistance, such as the Re of that figure, do not appear together 
simultaneously in the same equivalent circuit for the unsupported Warburg case. It is an 
either/or situation. 

The new quantities C&J and Res are of particular interest. Let us consider their 
frequency-independent approximate constant values, Ccp and Rcs, in the Warburg region. 
First, these quantities are not independent but are connected by the relation 

Rcs = -2 Ae=C+p (9) 

where, for two identical plane parallel electrodes, A0 here is twice that following from eqns. 
(3) or (6). One then has the rather shockmg result that Ccp and Rcs cannot both be 
positrve sunultaneously! 

It further turns out that Ccp and RCS are made up of the difference of two 
frequency-independent terms. When Y, = 00 (infinite reaction rate), one of these terms dis- 
appears, since it is approximately proportional to g,’ , and 

Ccp = Sp2(M - l)C, (10) 

Note that 8p = 0.5 when z, = zp. It is clear that when M >> IO”, Cop Z Ccp is essentially 
intensive, as it should be to be associated just with interface processes. It is ~zot, however, 

equal to the r, = rP = 0 double-layer capacitance, either MCg or Cp s . Now the 
corresponding Rcs, appearing in the circuit of Fig. 2b, although also intensive is negative 
for this situation (of course the total series resistance of the Ros branch is never negative). 
A good approximate expression for Rcs applicable for r, = m is 

Rcs2- (6 &WWn)R, (11) 

where 

6 n” 1 - 6, =(1 + 7+-r)-* = z*/(zp + zn) (12) 

Note that Arcs I can greatly exceed R, if n,M << 1. 
Finally, it turns out that at Y, Z (26&f/6& the two terms of Rcs and Ccp are 

equal and opposite; R6s and Cop thus remain very near zero over a very appreciable 



188 PRELIMINARY NOTE 

f r e q u e n c y  reg ion ;  and ,  in th is  reg ion ,  t he  overal l  i m p e d a n c e  shows  very  nea r ly  ideal  
Warburg  r e sponse  w h e n  t he  smal l  e f f e c t  o f  R ~  has  b e e n  r e m o v e d .  Usual ly ,  s u c h  ideal  
b e h a v i o r  is e x p e c t e d  to  o c c u r  for  inf 'mi te  r e a c t i o n  rate (Ro = 0; r n = ~ ) .  Here ,  i t  occurs  
i n s t ead  a t  ROs ~-- 0 b u t  a t  a spec i f ic  t 'mite rate!  

O n  t he  o t h e r  h a n d ,  w h e n  100~i:  rn  <<7 26nM]6p, the s e c o n d  t e r m  in R C S  a n d  C c p  
b e c o m e s  d o m i n a n t .  Surpr i s ing ly ,  th is  t e r m  is ex tens ive ,  not  in tens ive .  W h e n  i t  is s t r o n ~ y  
d o m i n a n t  

R c S  "~ 2R~/ _~-- l rmr  n (13)  

a n d  

Ccp -~ -2~26.6pCglrn (14) 

N o t e  t h a t  R C S  can  easi ly  be m u c h  larger  t h a n  R ~  a n d  t h a t  ICcp I can  be m u c h  larger  t h a n  

MCg or  X/~pMCg. W h e n  rn<<:  25nMfiSp, so the  s e c o n d  t e r m  is d o m i n a n t ,  i t  m a y  be d i f f i cu l t  
t o  separa te  R ~  and R ~  + ROS -~ R ~  + R C S ,  s ince ROS will d e p e n d  o n  l and  c o n c e n t r a t i o n  
e x a c t l y  as does  R ~  itseltq. S e p a r a t i o n  o f  R ~  a n d  ROS can, o f  course ,  be  a c c o m p l i s h e d  
t h r o u g h  m e a s u r e m e n t s  a t  ~2 > 0.1 w h e r e  o n l y  R ~  a n d  Cg are i m p o r t a n t .  A l t e rna t ive ly ,  
s ince ROs decreases  r ap id ly  in the  C~S p l a t eau  s a t u r a t i o n  reg ion ,  R ~  can  also be o b t a i n e d  
f r o m  m e a s u r e m e n t s  in the  range £2 > >  rtm as well  (see Fig. I b).  

I t  is be l ieved  t ha t  the  p r e s e n t  t h e o r y  6"7 m a y  exp la in  a large b o d y  o f  e x p e r i m e n t a l  
measurements  on binary charge systems. While it is .-.gt per t inent  to make detailed 
experimental-- theoret ical  comparisons here rather than in ref. 7, it is worth  mentioning,  as 
an  e x a m p l e ,  t h a t  t he  genera l  ex t r in s i c  t h e o r y  6 a n d  p e r h a p s  s o m e  o f  the  resul ts  o f  t he  
p r e s e n t  w o r k  m a y  e x p l a i n  m o s t  o f  t he  r e c e n t  i m p e d a n c e  resul t s  o f  A r m s t r o n g  et  el. ia o n  
s o d i u m  3-a lumina .  The i r  p r o b a b l e  a p p l i c a t i o n  t o  ear l ier  3 - a lumina  w o r k  ~4 , n o t  c i t ed  b y  
A r m s t r o n g ,  has  a l r eady  b e e n  c o n s i d e r e d  as . A r m s t r o n g  suggests  t h a t  t he  e f fec t ive  sur face  
area  o f  his  rough-d i sc  s am p le s  was  102 to  10 a t imes  g e o m e t r i c  a n d  inc reased  b y  a b o u t  a 
f a c t o r  o f  t e n  f r o m  150  to  3 0 0  °C. While  va r i a t ion  o f  sur face  area m u c h  grea te r  t h a n  
g e o m e t r i c  w i t h  t e m p e r a t u r e  m a y  i n d e e d  have  p l a y e d  a ro le  in l ead ing  to  A r m s t r o n g ' s  resul ts ,  
i t  s e e m s  m o r e  l ike ly  t h a t  m u c h  o f  t he  a p p a r e n t  larger  area  a n d  its t e m p e r a t u r e  d e p e n d e n c e  
m a y  i n s t e a d  be  a s soc ia t ed  w i t h  m o r e  n e a r l y  g e o m e t r i c  area  a n d  a large W a r b u r g - t y p e  p seudo -  
capac i t ance ,  w h i c h ,  in  fact ,  can  increase  s t r o n g l y  w i t h  inc reas ing  t e m p e r a t u r e  6" Is.  

In  s u m m a r y ,  in  t he  u n s u p p o r t e d  b i n a r y  e l e c t r o l y t e  s i t ua t i on :  (a) T h e  c o n v e n t i o n a l  
R a n d l e s  e q u i v a l e n t  c i r cu i t  is inapp l icab le .  (b )  E x t e r n a l  Warbu rg  r e s p o n s e  o n l y  occu r s  i f  
charge  o f  o n e  sign is b l o c k e d  o r  is a l m o s t  b l o c k e d  a n d  charge  o f  the  o t h e r  sign reac ts  
a p p r e c i a b l y  at  an  e l e c t r o d e  b u t  has  m u c h  l o w e r  m o b i l i t y  t h a n  t h a t  o f  t he  b l o c k e d  charge.  
(c)  A n  a p p a r e n t  d o u b l e - l a y e r  c a p a c i t a n c e  a n d  an  a p p a r e n t  r e a c t i o n  res i s tance  m u s t  n o t  
a p p e a r  s i m u l t a n e o u s l y  in  t he  s ame  e q u i v a l e n t  c i rcui t .  ( d )  T h e  a p p a r e n t  d o u b l e - l a y e r  
c a p a c i t a n c e  is a lways  a lgebra ica l ly  less t h a n  t he  t r u e  d o u b l e - l a y e r  c a p a c i t a n c e  a n d  m a y  be  
large a n d  negat ive .  (e)  T h e  a p p a r e n t  r e a c t i o n  res i s t ance  m a y  be  pos i t ive  o r  nega t ive  a n d  m a y  
be a p p r e c i a b l y  larger  in  m a g n i t u d e  t h a n  t he  s o l u t i o n  res i s tance  R ~ .  F u r t h e r ,  s ince it  is 
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extensive and proportional to R, when large and positive, it may easily be confused with 
R,. And, finally, (f) ideal Warburg response does not occur at an infinite reaction rate. 
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