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INTRODUCTION 

In a recent paper [1] (denoted I henceforth) we presented a transformation 
of variables method which made it possible to relate the small-signal response of  
a material with two species of  mobile charge carrier (not subject to generation 
or recombination) with overpotential-dependent reaction kinetics at two identi- 
cal metal electrodes to that  determined for a simple system with overpotential- 
independent kinetics. The electrode/material/electrode system was assumed to 
be flat band at equilibrium. Our method was then illustrated for a material with 
a single species of  mobile charge carrier. Here we present two decomposit ions of  
the total system impedance into compact  layer and bulk-diffuse layer parts and 
discuss equivalent circuit representations of these decompositions.  

As in I, we assume that only negative charge carriers are mobile and that 
under small-signal conditions the a.c. component  of  the current of nega~.ive 
carriers, InlR at the right electrode, may be written as 

In lR  = - - Z n e [ h n n l R  + (Zne771/hT)~[nne] (1)  

where hn is a rate constant,  n la  is the deviation from the equilibrium conce~Lra- 
tion at a well defined plane (outer Helmholtz plane) near the electrode, 7~ is a 
parameter (with the dimensions of kn) which reflects the overpotential depen- 
dence of the electrode reaction rate [1],  and 71 exp(iwt)  is the small-signal over- 
potential. (Symbols not  defined in this work have the same meaning as in I.) We 
were able to relate the impedance of such a system to that  determined for a sys- 
tem obeying the Chang-Jaff~ condition [2,3] 

Inll~ = - - z , e k ~ n l R  (2)  

and without  a compact  layer (i.e. nlR defined at the effective electrode surface). 
We let R ~  -- 1/o denote  the limiting high frequency resistance, and Cg -- e/47rl 

denote the geometric capacitance of  the bulk and diffuse layer parts of  the cell, 
where l is the distance between electrodes less the thickness of  the two compact  
layers, and use a subscript "N"  (i.e. normalized) to indicate an impedance or 
resistance expressed in units of R ~ or a capacitance expressed in units of Cg. 

* Work supported by U.S. National Science Foundat ion (Grant No. DMR 75-10739). 



420 

Our essential result may be stated as 

ZN = Z c j N / [ 1  + A(~2)] (3) 

where ZN is the normalized system impedance, ZCJN the normalized impedance 
of the corresponding Chang-Jaff6 system, and A(YZ) a frequency-dependent  cor- 
rection given explicitly in I. 

Minor rearrangement of eqn. (3) leads to an expression for the impedance 

Z N - - Z c j  N = - - Z c J N / k / ( 1  q- A )  (4) 

which may be placed in series with the normalized Chang-Jaff~ impedance, 

2 + (1 + i ~ ) r n  + 2 iYZ'), 1 
ZCJN = (1 + i~2)[(1 + i ~ ) r  n + 2 i~Z3,1 ] (5) 

in order to reproduce the total system impedance. In the present case we find 

(r~ + 2 ")'l)[rn(l + iY~ --Vn) + 2 i~')'1 ] 
ZN - - Z c J N  --- (CcN [rn(1 + i~2) + 2 i~2"yl] + "ylrnPn} Ira(1 + i~2) + 2 i~'-~')'1] (6) 

Here r n ~ l k n / D ~ ,  pn - 3'n/k~, 71 - ( 0 1 M n ) c t n h ( O 1 M ~ ) ,  and we have defined the 
normalized capacitance of the cell's two compact  double layers (in series) as 

CCN ~- ( e l / S T r d ) / ( e / 8 7 r l h )  = ( e l l h / e d )  (7) 

where lh - I / 2 ,  d is the thickness of each compact  layer (distance between outer  
Helmholtz plane and electrode surface), 012 ~ 1 + i~ ,  and M n - l h / L D n  , with LDn  

the effective Debye length for mobile negative carriers. Under completely block- 
ing conditions (rn = 0), ZN --ZCJN is simply ( 1 / i ~ C c N ) ,  the normalized capaci- 
tive reactance of  the compact  layers. This well known result suggests that  we 
a t tempt  to represent the total system impedance by the equivalent circuit of 
Fig. 1 in which the three components  to the left represent the solution for 
Chang-Jaff6 boundary  conditions [ 1], with CgN = R~ N z 1, while the additional 
impedance arising from compact  layer effects is represented by the compact  
layer capacitance in parallel with a component  of  impedance, 

(r n + 2 71)[2 i~71 + rn(l -- i~ - -  P n ) ]  

ZSCN = CcNrn[rn(l + iYZ) + 2 iYZ'71 + i~2Pn(r n + 2 3'I)] + rnPn'yl[rn(l + i~) + 2 iY~/1] 

(8) 

The d.c. limiting value of Zsc N is then the resistance 

RSCN0 = (r n + 2 CDN)(I --  Pn)/Vn(CcN + PnCDN) (9) 

where CDN =-- (Mn)ctnh(Mn) , the normalized diffuse double layer capacitance. At 
~2 = 0 this resistance appears in series with the normalized Chang-Jaff6 d.c. 
resistance of 1 + (2/rn). As noted in I, for Butler-Volmer electrode kinetics v~ = 1 

and RSCN0 = 0.  
It also seems desirable to seek a representation of the total system impedance 

ZN as a diffuse double layer impedance Z~N in series with a compact  double 
layer impedance Z~N , SO that the potential drop across Z~N equals the small- 
signal overpotential  71- It is useful in this context  t o  consider the idealized half 
cell introduced in I, obtained by replacing half of  the symmetrical cell by an 
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(2/~n rn) (CcN/CDN) 

Compact layer 

(2 / r  n) (CDN/CcN) 

(CcN+ UnCDN )-I . 

2/.Unrn 

Fig. 1. Normal ized equivalent  circuit  for cell impedance  including compac t  layer  effects.  

Fig. 2. Normal ized  equivalent  circuit  for d.c. resistance of  cell, 

, 771 

ZCN = /1N 

and 

ohmic electrode. The impedance of this half cell, normalized with respect to i ts  
limiting high frequency resistance is the same as the normalized impedance of 
the symmetrical cell. We may write the small-signal normalized current as IIN -- 
Vahl/Z N and from eqns. (93) and (94) in I evaluate ~l /Vah I. We obtain 

(r  n + 2 ")'1 ) 
- ( 1 0 )  

CcN[rn(1 + i~2) + 2 i~2~1 ] + rnPn'Y1 

2 + rn(1 + i~2) + 2 i~-~')' 1 + v,r~(71 -- 1)Ccc 1 t t 
ZDN -- ZN --ZCN = (11) 

(1 + i ~ - ~ ) ( [ r n ( l  + i~'~) + 2 i ~ 3 ' 1 ]  + PnFn~'ICCCN1]} 

Adopting again the equivalent circuit of Fig. 1 with the left hand side now 
representing Z~N and the right hand side Z~N and retaining Cg N = 1, R~ N = 1, 
and CCN as before, we find the remaining circuit elements to be given by 

rn + 2')'1 
Z S C  N = rn(CcN + p n ~ / 1 )  (12) 

and 

(1 + ifZ)(2 - -  P n r n C ~ - c  1 ) I 
ZSDN = - -  (13) 

rn(1 + ifZ) + 2 i~-~(')'1 - -  1)  + Pnrn( ' ) ' l  + i~~)C-dc 1 

Although it might at first appear surprising that  a diffuse layer property (LDn in 
71) appears in Z~CN and a compact layer property (CcN) in Z~DN, these expres- 
sions reflect the way in which the overall potential distribution is determined 
by processes in both parts of the cell. 

It is finally instructive to examine the latter decomposition in the d.c. limit. 
Figure 2 shows the zero-frequency normalized resistance of the cell separated 
into compact layer and diffuse layer-bulk parts. At the extreme left and right 
are two resistors representing bulk charge transport. The charge transfer (elec- 
trode) process is represented by the series combination of two parallel pairs of 
resistors. One member of each pair is independent of vn and represents charge 
transfer associated with the build up of excess charge carriers at the electrode. 
The second member of each pair depends on Vn and represents the overpotential 
effect. In the small-signal d.c. limit the charge transfer process may thus be 
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viewed as the result of concentration and overpotential processes in parallel on 
each side of the outer Helmholtz plane. 
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