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ABSTRACT 

The electrical double-layer at a solid electrode does not m general behave as a pure capacitance but 
rather as an impedance displaying a frequency-independent phase angle different from 90 o Ways are 

indicated how to analyse the interracial impedance ,f such a complication arises in the presence of a 

faradalc process, both on the supposition that the double-layer behavlour is due to surface mhomogenelty 

and on the supposition that it is a double-layer property per se 

As examples, the equations derived are successfully apphed to a totally Irreversible and an ac 

quasi-reversible electrode process at a gold electrode 

(I) INTRODUCTION 

According to conventional double-layer theories, the impedance Z of an ideally 
polarized electrode consists of a capacitance (Cd) in series with the solution 
resistance (R e), and consequently the corresponding complex plane diagram ( Z "  vs. 
Z ' )  should exhibit a straight vertical line intersecting the horizontal axis at Z '  = R e, 
while the ordinates along this line equal Z "  = (~0Cd) -a. 

This ideal behaviour is experimentally best observed at mercury/(aqueous)  
solution interfaces, for example at a dropping mercury electrode (DME), a hanging 
mercury drop electrode (HMDE), or a mercury pool electrode. Deviations from 
ldeality may occur in these cases, owing to rather trivial effects such as capdlary 
response or creeping [1], shielding by the glass capillary [2,3], and contamination of 
the mercury surface. The result of such effects is usually a curved complex plane 
plot, approaching the straight vertical line at higher frequencies. A less trivial 
deviation may be caused by diffusion-controlled adsorption of species present at a 
low concentration. 

Also at solid electrodes interfering effects, especially contamination and surface 
roughness, are hkely to be present, but apart from these a more marked behavlour 

0022-0728/84/$03 00 © 1984 Elsevier Sequoia S A 



276 

has frequently been observed and reported [4-8]: instead of a vertical straight line, 
the complex impedance diagram exhibits a straight line intersecting the Z'-axls at 
(R a, 0) at an angle smaller than 90 °. In other words, the electrode impedance 
consists of a resitance R a in series with a complex impedance Z c with the special 
property that its phase angle is independent of frequency. This phenomenon of the 
"constant phase angle", mentioned for the first time by Fncke [9], gives reason to 
designate Zc by the name "constant phase element" (CPE), as will be done 
throughout this paper. The CPE is generally believed to originate from a distribution 
in the current density along the electrode surface as a result of surface mhomogene- 
ity. This can be inferred from the analogy with the behaviour of porous electrodes 
(and other electrodes with intentional inhomogeneity), which has been extensively 
discussed by de Levle [4,10]. 

The presence of the electrical double-layer has to be accounted for thoroughly 
and precisely m the ac-lmpedance method for the study of (faradaic) electrode 
processes. In the well-known Randles's eqmvalent circuit [11], this is done by 
considering the interracial admittance YE as being the sum of the faradalc admit- 
tance YF = ZF 1 and the double-layer admittance Yc = Z~ -1, with Y~ = lwC d as usual. 
The total impedance is given by Z = R a + YE 1. Evidently this "Randles behavlour" 
will no longer hold if Z c and thus Y~ have to represent the properties of the constant 
phase element. 

In the first place it is clear that the frequency spectrum of the measured 
impedances or admittances will be different if, instead of Yc = t~°Cd, a complex 
admittance YCPE with a concomitant non-linear frequency dependence is introduced. 
As yet, it is not known how this affects the quality and the amount of information 
on the faradaic process to be gamed, or how the analysis procedures can be modified 
at best. 

In addition, it is questionable whether the faradaic admittance itself can still be 
described mathematically m the conventional way, or rather should be given a 
modified mathematical description m the case where the interracial structure ~s 
supposed to be mhomogeneous. This question is difficult to answer a priori as long 
as the fundamental origin of the inhomogeneous character is unclear. 

Thus far, little or no attention has been prod to the above-mentioned problems, 
even from the experimental point of view. Usually, the CPE is merely accepted as 
such, thus giving rise to one more unknown parameter to which experimental data 
have to be fitted. It is the purpose of the present paper to provide a more thorough 
discussion of the matter from a phenomenological point of view. This means that, 
leaving the fundamental background unexplained, we will try to analyse mathemati- 
cally some possible cases of distributed behaviour, and discuss their consequences 
for procedures for analysing experimental data. Next, as an illustration, this method- 
ological theory will be applied to the study of two electrode reactions, viz. (a) the 
reduction of H + to H 2 and (b) the reduction of the tris-oxalato fernc 1on to the 
tris-oxalato ferrous ion (Fe(Ox)33-/Fe(Ox)4-), both at a gold electrode. Finally, 
some conclusions and implications for the study of other systems will be discussed 
briefly. 
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(II) THEORY 

(II. 1) The Meally polarized electrode 

The basic assumption in tins section will be that the impedance Z of the ideally 
polarized electrode behaves in conformity with the complex plane plot represented 
by the dashed straight line in Fig. l a  throughout the whole frequency range 
o < w < o¢, where w is the angular frequency (s - l ) .  The admittance Y =  Z a is 
accordingly represented by the dashed circular arc in Fig. lb,  with the typical 
property of its centre being situated underneath the horizontal axis, as indicated. To 
put it in another way, the plots corresponding to "ideal"  behaviour (drawn lines) 
have to be rotated clockwise by an angle + = a~r/2 in order to represent the " C P E  
behaviour". 

Most formally this means that the classical representation of the impedance, 
Z = R n + (l~0Cd) -1, is replaced by an expression of the form [8]: 

Z = R a + (l(,0)-(1 ~)Q ( la )  

and correspondingly the admittance Y = Z - a  is given by 

1 ( l~o ) l - -RaQ 1 
Y = ( lb )  

Ra 1 + ( t~0 ) l -~RaQ -1 

where R a is the resistive limit of Z at ~o ---, m,  and Q is a constant (with dimensions 
f~ cm 2 s -(1-~)) representative for the CPE. The dimensionless parameter  a, which 

Z" [] 

[] 

y '  

Z" [ ]  

Z' 

7 '  

Fig. 1. Impedance and admittance plots of the equivalent circuit of Fig 2a (a and b) and of Fig 4a (c) 
Dashed curves a = 0 1, sohd curves a = 0 
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has a value between zero and unity, is obviously related to the angle of rotation in 
Fig. 1. Equations (la) and (lb) are such that the Kramers-Kronig relations [8,12] 
apply to the real and imaginary components, indicating that, in principle, this 
admittance could have physical relevance: 

Z = Z t - -  1 Z  t ,  = g a + to-(1-,~)Q (s in(a~r/2)  - I  cos(a~r/2) } (2a) 

and 

1 to l - , ,RaQ- i  + sin(a~r/2) + l  cos(a~r/2) 
Y=  Y' + t Y " -  (28) 

R a  tol-'~Ra Q 1 + to O- , )R~1Q + 2sin(~Tr/2) 

In addition to these expressions, it will be useful for the considerations that follow, 
to define the "admittance of the CPE" as YCPE = (Z  -- Ra ) - l :  

YCPE = ( t t o ) l - " Q  -1 = too-,~)Q ~(sin(aTr/2) + t  cos(a~r/2)} (3) 

It should be emphasized that in this way merely the phenomenological behaviour 
of the solid electrode/electrolyte Interface is mathematically described in terms of 
an equivalent circuit consisting of a resistance R a in series with a CPE (see Fig. 2a). 
One could think of a more physical meaning of eqns. (1)-(3) by noticing the analogy 
with the formula developed by Cole and Cole [13] in their treatment of the 
alternating-current characteristics of dielectric materials where similar rotations of 
the complex plane loci are frequently observed. To this end, we rewrite eqns. (la) 
and (lb) as follows: 

Z =  Re[1 + (tto~'o) -0-~)] (4a) 

1 (ItoT0) 1 - "  [ y = _ _  1 1 
Ra 1 + (tto~o) 1-~ = R~ [1 (4b) 1 +(~to~0) 1-"  

where ~'0 = RaCo may be called the relaxation time, evidently related to the existence 
of the electrical double-layer. Comparison of eqns. (la) and (4a) leads to 

0 -1 = R~I~-d-~ = Co ~ -~R~" (5) 

[] [] 

I 
, I 

Fig 2 Cell impedance analogues for an ideally polarized electrode (a) Resistance in series with a CPE, 
(b) ladder network 
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if it is postula ted that  in our  case the observed behaviour  is due to inhomogenmty  of 
the electrode surface in such a way  that  only the value of the double- layer  capaci ty  is 
dis t r ibuted along the interface. As a consequence,  the equivalent  circuit of the 
electrode in contact  with the homogeneous  electrolyte phase  should be  represented 
by  a ladder  network of R a C  elements  as shown in Fig 2b. The  admi t tance  of this 
ne twork becomes  

l 1[  j0 1 ,6, Y = ~  1 + ~ r  G ( r ) d r - -  ~-~ 1 -  1 + t¢0------~ 

where  r = R C  and G ( r )  is the distr ibution funct ion of r. Fuoss  and Ki rkwood  [14] 
have derived a procedure  to fred the distr ibution funct ion necessary to account  for a 
certain phenomenologica l  behaviour  of  a complex  quant i ty  like Y. As this procedure  
proves  to be applicable to our problem,  the general result can be  applied as well. 
This means  that  the following relat ions hold: 

r G ( r )  = F ( s )  with s = I n ( r / % )  (7) 

rrF( s ) = H (  s + , r r /2 )  + H (  s - ,~r/2) (8) 

where H ( x )  is the empirical  or phenomenologmal  function that  describes the 
dependence  of the imaginary  componen t  Y "  on x = ln(1/~0ro), i.e. in our  case: 

1 cos(a~/2) 
H ( x )  (9) 

g a  exp[(1 - tQx]  + exp[ - (1 - a ) x ]  + 2 s in(a~r /2)  

as follows f rom eqn. (2b) with R a Q  -1 = r~ -~. F r o m  eqns. (8) and (9) we find 

1 2 sin(aTr) (10) 
F ( s )  = ~ exp[(1 - a ) s ]  + exp[ - (1 - a ) s ]  - 2 cos(a~r)  

It  is useful to consider  some mathemat ica l  propert ies  of  this function. In  Fig. 3, 

1 5  I , i I I 

0.5 

J 
- - . j  

-0.5 J J I J J 
- 4  - 2  0 2 4 

S 

Fig 3 Distribution functions according to eqn (10). Sohd curve F(s), dashed curve, sF(s), a = 0 1 
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F(s) and sF(s) are graphically represented as functions of s. The integrals of these 
graphs are 

L~F(s)ds= fo~G(¢)d*= l 
and 

(11) 

L~sF(s)ds = 0 (12) 

So, the mean value of s = ln(~-/%) equals zero, and thus the mean of In ~- is given by 

(ln ~-) = In ~'0 (13) 

However, the integral f0 ~ ~-G(~-)d~'-(~') becomes infinite unless a equals zero (i.e. 
the "ideal" behaviour). This is inherent to the symmetry of the logarithmic distribu- 
tion function in eqn. (10), winch was invoked to account for the phenomenological 
frequency dependence of the electrode admittance. It must therefore be concluded 
that eqn. (10) provides merely a mathematical descrIpnon of experimental facts as 
well as eqns. (1)-(3). A similar conclusion was reached by Cole and Cole in their 
treatment of the behaviour of dielectrics [13]. 

The necessity of such an inconceivable dlstnbutlon function was ruled out in a 
sophisticated treatment by Scheider [7], postulating that a so-called branched ladder 
RC network rather than a single RC ladder should be used to represent the model 
accounting for the CPE. It is shown that the value of a IS determined by the order of 
branching, irrespective of the distribution m the elements. The physical explanation 
is thought to be fundamentally related to microscopical surface roughness, causing 
uneven charging of the double-layer and hence tangential displacements of charge in 
the diffuse double-layer. The most important motive for this model is the empmcal  
evidence that the apparent double-layer capacity Cp = Y~'pE/¢O is proportional to 
R ~ ~ [7]. However, in our opinion, the experiments performed by Schelder to prove 
this relation should be considered with some care, as the data were measured at 
polarizable gold electrodes without fixing the dc potential. 

In view of the discussions to follow, we wish to point out another possible 
physical background of the CPE, viz. the idea that it is just an intrinsic property of 
the electrical double-layer, the atoms, molecules and ions in it being subject to 
extremely high electric field strengths and fluctuations therein. It is conceivable that 
the resulting atomic movements in the interfacial structure, occurring on application 
of the ac potential, are accompanied by a dissipation of energy during a cycle of the 
ac perturbation as a consequence of mechanical couphng to neighbourlng atoms. As 
Cole and Cole have pointed out [13,15], the special property of this process should 
be the frequency independence of the ratio of maximum energy stored to the energy 
dissipated per cycle. In this concept there would be no reason for the solution 
resistance to influence the CPE and consequently the parameter  Q in eqns. (1)-(3) is 
a property of the electrical double-layer only, i.e. Q-~ :~ f(Ra) ,  contrary to the case 
of the distribution model, see eqn. (5). 
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(I12) Charge density and capacttance of the ideally polartzed electrode 

Apart  from the question which model is more probable, the CPE behavlour, if 
observed, causes a problem with respect to the study of the double-layer. Normally, 
capacity measurements are frequently employed to determine double-layer proper- 
ties such as charge density, adsorption, etc. as a function of the dc potential. 
However, if CPE behaviour is observed, i.e. if a 4= 0, It is by no means clear what 
value should be assigned to the thermodynamic quantity C d = dqM/dE,  where qM iS 
the charge density on the electrode. 

Attempts to determine qM directly, e.g. from potentiostatic pulse or step measure- 
ments, can be expected to fail as well. From eqn. (3) it appears that the CPE 
admittance contains a resistive component  parallel to the capacitive component,  so 
that on application of a (constant) potential perturbanon from a certain initial state, 
charge will pass the interface perpetually. A similar argument can be deduced from 
the potential response to a constant current perturbation, which has been shown to be 
proportional to t 1-~ [8], whereas the charge consumed is proportional to t. 

Also in this respect it has to be concluded that the present state of knowledge 
about the physical properties of the solid metal solution interface is as yet unsatis- 
factory. In any case, it is clear that "double-layer capaot ies"  determined by 
C O = Y~'/o~, as is frequently done in the literature [16], will be found to depend on 
the applied frequency, and are therefore of limited significance. At present, it seems 
more appropriate to select C O as the quantity representing the "double-layer capaci- 
tance", to be obtained as C O = (Q-1R~)a/~I ~) (eqn. 5) if the distribution model is 
adopted. 

II.3 The non-ideally polarized electrode 

(11.3.1) Irreversible urn form charge transfer 
At first, it will be supposed that a simple electrode reaction O + n e - ~  R is 

proceeding, its rate being controlled by slow charge transfer, so that diffusion or any 
other kind of mass transfer need not be accounted for. Then, in the classical case, a 
transfer resistance Rot appears m the Randles's equivalent circuit parallel to the 
double-layer capacitance C d. 

Thus far in the literature, one intuitively replaced C d by the CPE m cases where 
the CPE behaviour was observed in the absence of the faradalc process, or more 
generally in cases where a fit assuming normal behaviour of the double-layer proved 
to be impossible. In other words, impedance or admittance analyses are carried out 
adopting the equivalent circuit shown in Fig. 4a. Regarding the discussions in the 
foregoing section, it is obvious that this makes sense only if the CPE is considered to 
be the intrinsic equivalent of the double-layer admittance, i.e. if eqn. (3) has a 
fundamental  meaning with Q-1 4: f(Ru).  Then the total admtttance is most convem- 
ently expressed by 

y =  1 1 [ 1 ] (14) 
Rfl + YE 1 Ra  1 1 + R~YE 



282 

where YE is the lnterfacial admittance and thus, in view of Fig. 4a and eqn. (3), 

! [  1 _ 1 ( 1 5 )  
Y =  Ra 1 + RaRer t + R a Q - l ( u o )  a " 

L 

However, if the distribution concept is the fundamental background of the CPE 
behavlour, the situation is different. For in that case, the charge transfer proceeding 
at any location on the surface is shunted by the capacitance pertaining to this 
location, and therefore the appropriate equivalent circuit is a ladder network as 
drawn in Fig. 4b (or a more complex branched network, if a more sophisticated 
model is required). The corresponding admittance has to be computed with 

1 [ ~ 1 F ( s ) d s  (16) 
Y =  -~a [1 - f -  ~ 1 + RaR].t I + l,or 

where F(s) is the same distribution function as before, i.e. given by eqn. (8), and 
s = ln(~'/r0). After introduction of a new parameter  ~'g: 

r o = %/[1  + R a R ~  1] (17) 

the integral in eqn. (16) can be rewritten as 

1 f ~  1 I = F ( s ) d s  (18a) 
I + R a R ~  1 - ~ l + i w T  o e x p ( s )  

Here the integrand is of the same mathematical form as in the absence of a faradalc 
process (i.e. R~ 1= 0 and ~-g = %). Therefore it can safely be concluded that the 
solution of eqn. (18a) is 

1 1 
I -  (18b) 

/ , ~ l - a  1 + RaR2t I 1 + tz~O~-o/ 

[] 

-G 

[ ]  

i g 

Fig. 4. Cell impedance analogues for an irreversible reaction. (a) Resistance m connection with a CPE, 
shunted by a charge-transfer resistance; (b) ladder network 
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Hence we obtain from eqn. (16): 

y =  R ~ [ I  - 1 ] (19) 
'~O~o) (1 + RaRe, ) 1 + RaRer1 + (  1-~ -1 a 

where T o still equals RaC o. The conclusion is that Q-1 in eqn. (15) is not replaced by 
C~-~Ra ~ as is usually thought, but by 

Q 1 = c l - a [ R ~ l  _1_ R~t 1] a (20) 

Although eqn. (19), as it is deduced from a very simple (or rough) model, may be too 
simple an approximation, it clearly shows in conjunction with eqns. (15) and (20) 
that the CPE is coupled not only to the solution resistance but also to the 
charge-transfer resistance (or more generally to the faradaic ~mpedance), if ~t ~s 
caused by microscopical or sub-microscopical heterogeneity of the electrode surface. 
To our knowledge, this has not been recognized before. 

(11.3.2.) Irreverstble distributed charge transfer 
Next, the question arises whether it is philosophically correct to assume the rate 

of charge transfer to be uniform along the interface, whereas it is assumed that the 
most characteristic property of the interface, the potential dependence of the charge 
density, is distributed. Again, the lack of basic understanding prevents a fundamen- 
tal discussion and even a decision whether the answer to this question is yes or no. 
Yet it seems useful to consider from the phenomenological point of view what can 
be expected in the case where the value of Rct is distributed. Two possiblhties will be 
envisaged, namely the case where Rot and C a are distributed independently and the 
case where the distributions are coupled. 

If the distributions are independent, the overall admittance must be of the form 

1 [ oo oo 1 G(r)drF(s)ds] (21) l - f _ .  f_= 1 + O * ,~0~" 

with p = RoR2t 1, r =  ln(p/o0)  and s = ln(~-/%). The distribution of s may be 
supposed to be given by eqn. (10). The feasibility of solving the double integral 
naturally depends on the nature of G(r), i.e. the distribution of r. However, for 
sufficiently small values of O, a simplification can be derived by writing: 

[ ] 1 1 1 ~ +  (22) 
1 + P + l~o~- 1 + t~o~ 1 + l~0~ (1 + t~o~-) 2 "'" 

The integral over G(r)dr yields a summation identical to eqn. (22), with 0 and p 2 
etc., replaced by their mean value indicated as (P) ,  (02), etc. Limiting eqn. (22) to 
first-order approximation means that eqn. (21) is replaced by 

1 [ f O O l  - 1 ] 1 + (0> +, F(slds (23) 

irrespective of the nature of the distribution in p. Since eqn. (23) is similar to eqn. 
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(16), it follows that in eqns. (17)-(20) Rct I can be replaced by its mean, <Rcta}. The 
validity of this result is mainly determined by the condition 

- 1 ( 2 4 )  <p2> <p>2 << 

Evidently this condition is favoured if <p2> _ <p}2, ,.e. the square of the standard 
deviation in p, is small, in other words if the distribution of R~, 1 is rather narrow. 

In a representative case it can be calculated that the approximation expressed by 
eqn. (23) holds within 2% if it is supposed that the standard deviation in p is of the 

same order of magnitude as its mean value <p>. 
If it is supposed that both the rate of charge transfer and the double-layer 

capacity are distributed due to a distribution in the state of the surface, it is logical 
to assume that both p -- R~R~ I and $ = R~C are functions of the same dlstribution 

parameter s. Consequently, we have 

1 [l_f~ 1 F(s)ds] (25a) 
Y=--R~ - ~ l  +p(s)+lwr(s) 

Naturally the mathematical form of p(s) has to be deduced from experimental facts. 
By analogy to r(s)=r o exp(s), one could speculate that p(s)= Po exp(s). In that 
case, the phenomenological behavlour will correspond to 1[ 
Y = ~ a a  1 -  (25b) 

1 + (P0 + tt°r0) ' - ~  

It may be worthwhile to compare expenmental  facts both with eqn. (19) and eqn. 
(25b), and to analyse whether a distinction can be made. However, a distribution 
function for R~ 1 of the form of eqn. (10) would, of course, be as unrealistic as that 
for the double-layer charging process: it means that the average rate of charge 
transfer becomes infinite. 

(II. 3. 3) Non-trreverstble charge transfer 
I f  in addition to charge transfer the electrode reaction is also controlled by 

'(diffuslonal) mass transport, this has to be accounted for by introducing the complex 
faradaic admittance Yv instead of R~t 1. Algebraic manipulations as in the foregoing 
sections will be more tedious, but it can be inferred that the conclusions and 
considerations will be similar and analogous. Therefore we will not treat this case in 
detail, but only suggest that in eqn. (15)-(24) R~, 1 can be replaced by YF If 
necessary. 

It  has to be noted that now the frequency spectrum of the overall admittance is 
governed by the nature of the CPE. For, replacing R~ I by Yv in eqns. (19) and (20) 
introduces an extra frequency dependence incorporated in Q-1, whereas this will not 
occur in the more simple eqn. (15). In other words, if the distribution model makes 
sense, this causes a more complex frequency dependence of the term due to the 
distributed capacity. 
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(I l l )  D A T A  ANALYSIS  

(III. 1) Potenttal dependence 

In the context of our treatment it will be useful to combine experimental results 
from dc and ac measurements. To this end, we formulate the following premises: 

(i) The rate expression for the electrode reaction O + n e - ~  R obeys linear 
stoichiometry; the faradaic current is related to the interfacial potential E by 

JF = -- nFkf [ c  o - c R exp(ff)] (26) 

where k f  is the potential-dependent forward rate constant, c o and c R are the 
interfacial concentrations and q~ = ( n F / R T ) ( E -  E ° ) ,  E ° being the formal stan- 
dard potential. 

(ii) Mass transport occurs by means of semi-infinite linear diffusion and conse- 
quently [17] for the potential step method, when R is initially absent, 

JF ~- -- nFkfc~) exp()k2t) erfc()kt 1/2 ) ( 2 7 )  

with 

X = k t [Do 1/2 + D~. 1/2 exp(q0 ] (28) 

and c~ is the bulk concentration of O. 
(iii) Complicating processes like adsorption or non-stationary multi-step mecha- 

nisms [18] are supposed to be absent or of minor influence. The faradaic admittance 
is therefore given by [18]: 

, , ,  p2 + p + tp (29) 
YF = Y~ + Y~ ~ R~tl pZ + 2 p + 2 

where p = (2w)a/2/X and R et is the charge-transfer resistance, obeying the expression 

=(OJF I n F [  d l n k f  ( J F + n r k f c ~ )  
g~tl \ OE ] Co,¢. = R T  LJF d---~ + 1 + exp(-q~) (30) 

For dc irreversible reactions, the second term in eqn. (30) is negliDble because of 
the large value of exp(-ep)  in the faradaic region. In that case, we have 

E 1 __ 
f R~t dE- fok ' (E )k  f i jFdk f (31) 
E, 

where E is the potential of interest and E, is some initial potential outside the 
faradaic region, i.e. where R~t I =  0. With the aid of eqn. (27), the integral of the 
right-hand side of eqn. (31) can be computed as a function of the theoretical k f ( E )  
values. The left-hand side can be determined from R~t 1 vs. E data and thus enables 
us to find k f (E) .  If desired, the results can be checked by comparison witt an 
analysis of the dc currentjF according to eqn. (27). 

For dc reversible reactions, both terms containing Jv on the right-hand side of 
eqn. (30) vanish and so k f ( E )  can be obtained directly from R~t 1. 
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If a reaction is quasi-irreversible, a more involved fitting procedure on k f (E)  is 
reqmred. 

(111.2) Frequency dependence," ac Irreversible case 

First it is of some importance to consider the graphical representation of 
impedance data in the complex impedance plane. If eqn. (15) or (19) ~s supposed to 
hold, it is easily derived that on varying the frequency (at fixed potential) the 
well-known circular arc, as first described by Sluyters [19], will be obtained, but its 
centre is shifted vertically underneath the horizontal axis (see Fig. lc). The circle 
intersects the horizontal axis at the points R a, 0 (infinite frequency) and R a + Rot, 0 
(zero frequency). The equation of the circle is 

1 2 1Rcttg (et~r/2)] 2 = ¼ R 2 t / c o s 2  ( a ~ / 2 )  (32) +[z"+ 
and it is interesting to note that the frequency pertaining to the " top"  of the circle, 
where Z "  is maximum, corresponds to the relation 

1-~ -1 = CoRct[ R o t / R a  + 1]o/ , -o  (33) ¢0to p = Q R ~  1 o r  cotop 

which evidently replaces the "classical" relationship cotop = (CaRet) 1 [19]. 
As usual, the evaluation of the system parameters in the whole frequency region 

will start by calculating the "interfacial admittance" YE by means of eqn. (14), 
where for the ohmic resistance R a a proper value is substituted, e.g. determined by 
extrapolation of measured data to infinite frequency, preferably at a potential 
outside the faradaic region. From eqns. (14) and (15), it follows that both the real 
and the imaginary components of YE a r e  functions of co following 

YE + t Y ~ ' =  R ~  1 + co l -~Q- ' [ s in (a~r /2 )  + t cos(a~/2)]  (34) 

Consequently a plot of YE vS. Y~' at varied frequency should give a straight line 
according to 

YE = R~t 1 + YE'tg(a~r/2)  (35) 

In addition, the validity of eqn. (34) can be examined by verifying that the relation 

log Y~'= (1 - a) log co + log[Q -1 cos(alr/2)] (36) 

applies. 
Note that the whole analysis is rigorous, irrespective of the origin of the CPE. 

However, the meaning of the experimentally determined Q-a is not unambiguous. 

(111.3) Frequency dependence; general case 

If a reaction proceeds by relatively fast charge transfer, the influence of p = ptcol/2 
in eqn. (29) becomes significant. As has been argued in Section (II.3.3), to what 
extent this influences the eventual frequency dependence of IrE now depends on the 
origin of the CPE. However, if a is small and /o r  IYFI << R~ 1, eqn. (14) may hold 
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within experimental error, in combination with 

YE + 'YE ' =  R~t 1 p2 + p  + lp + ~ l _ . o _ l [ s i n ( a r r / 2 )  + l  cos(a~r/2)] (37) 
p 2 + 2 p + 2  

The analysis of YE data, calculated as before from Y and R~, requires numerical 
procedures rather than graphical ones. If Q - i  is eliminated between Y~ and Y~', the 
following relationship results: 

2 + p [ 1  - tg(aTr/2)] 
Y~ - Y~'tg(aTr/2) = R~t 1 p (38) 

p Z + 2 p + 2  

From the frequency dependence of this quantity, the two parameters p '  = Rot/o and 
Rot can be obtained by a fitting procedure, provided that the value of a is correctly 
adjusted, it will be favourable if a is known from independent measurements, e.g. 
outside the faradaic region, or performed in the absence of the electroactive species. 
If the fit is successful, this may be considered as an argument supporting the validity 
of the model underlying eqn. (37). 

In Fig. 5, the frequency-dependent factor in eqn. (38) has been plotted vs. w-1/2. 
It should not be ignored that in practice the quantity Y~ - Y~'tg(aqr/2) is obtained 
after assigning the values of two system parameters, viz. R£ and a, both being of 
major influence at high frequencies. Comparison with the theoretical behavlour may 
gave reason to a re-adJustment of these parameters in order to obtain a better fit. 

(IV) EXPERIMENTAL 

(IV.l) Reductton of protons 

This reaction was studied using aqueous solutions of 1 M HC104, and 1 M 
NaC104 + 6.36 × 10-3 M HC104. Reagents and the preparation of solutions were 

p2+ p [1- tcj(c<~'/2)] 
p2 2 p + 2  

I . I  I I 

10 i~ _ 

o. ,  

0.6 

0.4 

0.2 ~ 

I i I ! 

0 02 0.04 0.06 0.08 

Fig 5. The function [p2 + p(1-tg(a~r/2))]/(p 2 +2p +2) as a function of 60 - 1 / 2  (see eqn 38), for the 
indicated values of p', takang a = 0.1 
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the same as those described in ref. 20. Also the electrodes--monocrystalline and 
polycrystalline gold--were the same as those used before. The electrodes were 
contacted to the solution by the pendant meniscus method. Reproducibility and 
stability of the surface state were frequently checked by cyclic voltammetry. 

For the dc and ac measurements, the potenttal step procedure with intermittent 
sweeps into the oxygen region was applied [20]. Impedance and dc current data were 
sampled at t = 4 s after application of the potential step. All potentials are referred 
to the saturated sodium chloride calomel electrode (SSCE). The cell temperature was 
always 25 ° C. 

(1V.2) Reductton of trls-oxalato ferric tons 

Ttus reaction was studied at the polycrystalline gold (5 N) electrode in contact 
with a solution containing 1 M K2C204 +0.05 M H2C204 and 2 × 10 3 M 
Fe2(SO4) 3. The solutions were prepared by dissolving oxahc acid and potassium 
carbonate (both Merck suprapur) in freshly twice-distilled water. The solutions were 
deaerated by means of argon. 

In oxalate solutions it is not possible to clean the electrode surface electrochemi- 
cally by sweeping into the oxygen region, since then the gold dissolves to a 
considerable extent. Therefore the potential was swept only to + 0.25 V vs. SCE and 
back to the initial potential E, = 0 V vs. SCE (saturated calomel electrode), which 
was found to suffice in this medium. For the actual measurements, the potential was 
stepped to final potentials ranging from -0 .100  to -0 .500  V vs. SCE. The 
frequency in the impedance measurements was varied between 80 Hz and 10 kHz 
(twelve frequencies). 

The cell construction was the same as that for the proton reduction. 

(V) RESULTS AND DISCUSSION 

(V. 1) The proton reductton from perchlorw acid 

In Fig. 6a, a group of complex impedance plots is represented from the data 
obtained with the solutxon 1 M NaC104 + 6.36 × 10 -3 M HC104. The curves are 
circular arcs with their centres somewhat below the horizontal axis. On extrapolation 
to infinite frequency, the value of the ohmic resistance is found to be R e = 2.3 
cm 2. The corresponding Y~' vs. Y~ diagrams are shown in Fig. 6b. Quite good 
straight lines are obtained with slopes significantly deviating from 90 ° (note that the 
Y~-axis is enlarged by a factor of 10 in order to present the results more clearly). 

It is remarkable that the constant phase angles observed at one electrode are not 
the same at different potentials, but tend to decrease going to more negative 
potentials (or farther into the faradaic region??). The values of a are collected in 
Table 1. It appears that at the polycrystalline electrode a is slightly tugher than at 
the single crystal electrodes. This may support the distribution concept since it can 
be expected that a polycrystalhne surface is more heterogeneous. Some experiments 
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Fig 6 (a) Z "  vs Z '  for H + reduction m 6.36 x 10 -3 M HC104 + 1 M NaCIO 4 at a polycrystalhne gold 

electrode. (b) Corresponding Y~' vs Y~ plots at the potential indicated 

were performed at a less well polished polycrystalhne electrode in p.a. 1 M HC104. 
The Y~" vs. YE plot again yielded a straight line but with a phase angle increased to 
4 °. The rate of H ÷ reduction is considerably larger at this electrode, as follows from 
the higher values of R~t 1. 

In order to examine the dispersion along the loci in Fig. 6b, the values of Q -  
were determined by plotting log Y~' vs. log o~ (see eqn. 36). Next, the sets of Q - 1  a 
and Rct  values were used to re-calculate YE and YE'/~ as functions of o~. The 
agreement with the experimental values is very good, as can be seen in the typical 
example shown in Fig. 7. It is quite clear from this picture that the contribution of 
the CPE to the real component YE is by no means negligible with respect to R~t l, 

TABLE 1 

Rotation parameter a ( ×  10 2) in perchlorate soluUons 

E/V 102 a 

Au (111) Au (100) Au (110) Poly Au Poly Au 

1 M HC104 1 M HC104 1 M HC104 1 M HCIO 4 1 M NaClO 4 + 
6 36 x 10-  3 M ItC104 

- 0 . 2  0 4 9  a 1 00"  0 88 ~ 1 . 3 9  ~ 3 0 5  ~ 

- 0.3 0.29 1 44 1.07 1 26 2 70 ~ 

- 0 4  025 0.81 078 1 13 1.76 a 

- 0  5 - 0  0 6  0 3 3  0 2 5  1 54 
- 0 . 6  1 7 2  

- 0 . 7  1 7 6  

a Measured outside the faradalc region. 
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despite the quite low value of a. Also, a considerable frequency dispersion is found 
in the "apparent  double-layer capacity" Y~'/w. 

Finally, in Fig. 8 the obtained values of R~t 1 and Q-1 are represented as functions 
of dc potential for the polycrystalhne electrode. The R~t a data were analysed 
following the procedures described in Section (III)  and combined with results from 
dc current responses to potential step perturbations as described in the previous 
paper  [20]. With the resulting k r ( E )  values, a theoretical R~t 1 vs. E curve was 
calculated in order to demonstrate the precision of agreement with the experimental 
points. In the Q -  1 vs. E plot the corresponding values of Y~'/w at 220 Hz and of Co, 
cf. eqn. (5), are also given, thus indicating the typical differences between the three 
quantities. 

Similar results as shown in Figs. 6 -8  were obtained in the experiments with the 
single crystalline electrodes and with the polycrystalline electrode in 1 M HC104. 
The results of these experiments in terms of the potential dependence of In kr(E ) 
have been discussed in the previous paper  [20]. Here we only note that evidently the 
proton reduction at gold electrodes leads to an ac behaviour concordant with the 
equivalent circuits of Fig. 4. It  may be interesting to refer to the early work of 
Gerischer and Mehl [21], who derived theoretical expressions for the faradaic 
admittance in the case where non-stationary adsorption of intermediate atomic 
hydrogen plays a significant role in the reaction mechanism. The frequency depen- 
dence of this admittance obeys the relationship 

G 2 + twCHG 
YF = R-1  + Ro  1 (39) 

G 2 + w2C~ 

where we have used a notation somewhat different from that of Gerischer and Mehl. 

3 
19 

I I ' I I 

~/s-1 ~/s-1 
F,g 7. (a) Y~ vs w, (b) Y~'/w vs w for H + reduction in 6.36×10 -3 M HCIO4+I M NaCIO 4, at 
E ~ -0.69 V vs SSCE. (O) Measured points, ( ) calculated curves (see text) 
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The  meaning of the symbols is given in ref. 20. If the faradatc adrmttance of eqn. 
(39) is supposed to be in parallel with a double-layer admit tance Yc = t0~Cd, It is 
possible to predict the corresponding Y~' vs. Y~ diagram. Gerlscher and Mehl tried 
to verify their theory at copper  and silver electrodes and in fact observed a frequency 
dispersion in Y~, which, however, was said to be "spur ious"  rather than a confirma- 
tion of the theory. It seems that this conclusion was quite correct and that the 
observed effects were due to the presence of a CPE. 

(V.2) The reduction of trts-oxalato Fe(III) 

This system is of interest for the present t reatment  because it can be expected to 
be quasi-irreversible and therefore the frequency dependence of Y~ and Y~' may  
originate f rom the faradalc contr ibut ion as well as f rom the CPE. The s tandard 
heterogeneous rate constant  of the reaction at a gold electrode has been reported by 
Randles  and Somerton [22] to have the value ksh -- 5 × 10-3 cm S-1 (at E 0 = _ 0.231 
V vs. SCE). We intend to present a study of the reaction rate as a funct ion of 
potential  in a later publication [23], and here confine the discussion to the analysis 
problem. 

In Fig 9a, a complex plane diagram of the interfaclal a d m m a n c e  at three different 
potentials is represented. At  first sight the plots are not  very d~ssimilar to those in 
Fig. 6b, 1.e. almost straight lines are obtained, with only slight bending at the lower 
frequencies. It  is therefore tempting to consider the hagh-frequency par t  as obeying 
ac irreversible behavlour and consequently to determine a and R~t ~ by extrapolat ion 
of  this par t  to ~0 = 0 in the same way as we did for the H + / H 2  reaction. Next, we 
can try to interpret the low frequency data by means of  eqn. (37), so that at the end 
all the system parameters,  a, Q - l ,  Rct and p '  or R c t / P t  = o, should be known. 

The results of such a procedure,  however, appeared unsatisfactory, especially at 
potentials close to the polarographic half-wave potential.  The values of Rct and p '  
did not  yield the same value for the rate constant,  or, in other words, the Warburg  

I 
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/ 
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15 
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Fig. 8 (a) R~t I vs potential for 6 3 6 X 1 0  - 3  M HCIO 4 in 1 M N a C I O  4 (b) "Capacxtance" vs potential 
A(E) corresponds respectively to Y~'/w at 220 Hz (e), Q 1 (O) and C o (×) 
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coefficient o was not found to agree with ~ts theoretical value. In addition, Q-] 
values were not independent of frequency. The conclusion is that also at the higher 
frequencies, the factor containing p in eqn. (37) is different from umty (the 
~rreversible hmit). The apparent linearity of the Y~' vs. Y~ plot ~s due to the fact that 
for large p', both Y~ and Y~' approach (almost) linear functions of 0~- l/z, according 
to 

lim Y~'= R~ ~ 1 
p~o~ p + 2  ( p > 5 )  

The corresponding approximaUon of eqn. (38) is 

lim Y~-  Y~'tg(aqr/2)= R~tl[1 1 t g (~ r /2 )  1 ?--, oo p p + 2 (P > 3) (40) 

In Fig. 9b it can be seen that in our case the best fit of the rigorous eqn. (38) to 
our data (i.e. the drawn lines) is indeed found to have a linear dependence on ¢0- t/2. 
The intercepts at 0~ -1/z = 0 gtve R~t 1 and the slopes are equal to R~,]/p ". The data 
obtained are satisfactordy consistent, as can be deduced from Table 2, where the 
results from the two procedures are compared. The re-calculated Y~' vs. Y~ plots are 
shown m Fig. 9a as the drawn curves. In addttion, the dashed straight lines have 
been drawn to show the real ac irreversible limits, t.e. straight lines intersecting the 
Y~ axis at Y~ = R~-~ t, and having a slope equal to cot(a~r/2). 
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Fig. 9 (a) Y6' vs. Y~ plots at the indicated potentials for the reductton of trts-oxalato Fe(llI) (O) 
Measured points, ( ) theoretical curves. ( . . . . . .  ) hmltmg dc lrreversthle behavtour. (b) Plots of 
Y ~ - Y ~ : t g ( a e r / 2 )  vs. co -~/2. (e) Measured points; ( ) theoreUcal curves. The vertical bars 
represent devlaUons corresponding to Aa = 0.005 (see Text). 
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It should be emphasized that the proposed analysis is preceded by the adjustment 
of two system parameters, namely Ru and a, whereas in the classical case, where 
ct = 0, only Ru has to be chosen. A misestimation of ct will have an effect on the 
quantity Y~-  Y~'tg(a~r/2) similar to a misestimation of Ru: an error is introduced 
which increases with increasing frequency. We have indicated this m Fig. 9b by 
means of vertical bars through the experimental points. These bars correspond to a 
variation in ct of _+ 0.003 [i.e. _+ 0.005 m tg(ctTr/2)]. A variation in Ru of _+ 0.03 ~2 cm 2 
would produce an equal error at the highest frequency (here only 1200 Hz!), with a 
stronger tendency to decrease at the lower frequencies. The conclusion is that after a 
misestimation of Ru, most inevitably a also will be adjusted to an erroneous value in 
order to obtain a reasonable frequency dependence of Y~-  Y~'tg(ct~/2). On the 
other hand, this kind of "compensat ing" adjustment helps us to find a reliable value 
for Rot 1 which can be employed as a starting value for further fitting and eventual 
re-adjustment of Ru and a. 

(vI) CONCLUSION 

The most important  result of the present work is, in our opinion, that it is shown 
how severely the CPE influences the frequency dispersion of the interfacial admit- 
tance even in the case of quite small rotation angles (2-4  o ). Especially at such small 
angles the effect is likely to be ignored, which would lead to large errors in the 
determination of faradaic rate parameters and thus to serious misinterpretations. 
However, it is quite feasible to account for the CPE effect correctly and to check the 
results of the analysis on their internal consistency. 

In the literature up to now, the analysis of electrode impedances in the case where 
the double-layer behaves as a constant phase element was made on the tacit 
assumption that the CPE simply replaces the double-layer capacity in any equivalent 
circuit without having a relation with the other constituents, which is logical if the 
CPE behaviour is a property of the double-layer itself and not due to the distribu- 
tion of R~C d values originating from surface inhomogenelty. Curiously enough, the 
latter explanation is usually adopted and the former only rather rarely mentioned as 
a possibility with hardly any physical justification. 

Consequently, the analyses reported in the literature are in fact internally 
conflicting procedures, combining a distributed relaxation time for double-layer 
charging with a modified Randles's circuit. In addition, reported values of the 
double-layer capacity, obtained by " C o " =  Y~'/w at some frequency, are in fact 
values of an irrational quantity in the case where CPE behaviour occurs. A more 
rational double-layer parameter  appears to be the quantity Co, but the essentml 
meaning of this quantity is also obscure as long as the proper fundamental  
background of the CPE remains unclarified. 

From the methodological considerations presented in the theoretical part  of this 
paper, it can be concluded that the analysis of an electrode impedance comprising 
both a faradaic impedance and a CPE may offer a possibility by experiment to 
discriminate between the two possible explanations. To this end, it is required that 
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t he  f a r a d a l c  a d m i t t a n c e  s h o u l d  h a v e  a s u b s t a n t i a l  m a g n i t u d e  as c o m p a r e d  to  t he  

r e c i p r o c a l  o h r m c  r e s i s t a n c e  ( exp l i c i t l y  t he  f a c t o r  (1 + R u Y F )  '~ s h o u l d  d i f f e r  s lgmf i -  

c a n t l y  f r o m  un i ty ) .  U n f o r t u n a t e l y ,  t h e  c i r c u m s t a n c e s  o f  t he  e x p e r i m e n t s  d i s c u s s e d  

h e r e  d i d  n o t  m e e t  th i s  r e q u i r e m e n t ,  m o s t l y  b e c a u s e  of  t h e  i r r e v e r s i b l e  n a t u r e  o f  t he  

t w o  s y s t e m s  s tud i ed .  W e  i n t e n d  to  s e a r c h  fo r  a m o r e  s t a t a b l e  s y s t e m  to  i n v e s t i g a t e  

th t s  p a r t i c u l a r  a s p e c t  in  t h e  n e a r  f u t u r e .  
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