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Effect of Ohmic, Mass-Transfer, and Kinetic Resistances on 
Linear-Sweep Voltammetry in a Cylindrical-Pore Electrode 

John W. Weidner *'1 and Peter S. Fedkiw** 

Department  of  Chemical Engineering, North Carolina State University, Raleigh, NC 27695-7905 

ABSTRACT 

Extracting quantitative kinetic information from linear-sweep voltammograms (LSV) on porous electrodes is more 
difficult than on planar electrodes since the electrode surface is not uniformly accessible to the bulk supply of reactant or 
the counterelectrode. We present here a means to account for the effect of ohmic, mass-transfer, and kinetic resistances on 
LSV by modeling a pore in a porous matrix as a cylindrical-pore electrode, and solving the mass and charge conservation 
equations in the context  of this geometry for the simply redox reaction O + he- ~ R where both O and R are soluble spe- 
cies. Both analytical and numerical  techniques are used to solve the governing equations. The calculated peak currents 
and potentials are correlated by simple-to-apply empirical formulas to the measurable parameters: sweep rate, concentra- 
tion of the redox species, diffusion- coefficient, conductivity of the electrolyte, and pore dimensions. Using the correla- 
tions, a methodology is established for determining if the redox reaction kinetics are irreversible or reversible (Nernstian). 
If  the reaction is irreversible, it is shown how the standard rate constant and the transfer coefficient may be extracted from 
linear-sweep vol tammetry data, or if the reaction is reversible, how the number  of electrons transferred may be deduced. 

Electroanalytical techniques used to study reaction ki- 
netics on planar electrodes do not lend themselves to the 
study of flooded porous electrodes. For example, hydrody- 
namic methods [e.g., rotating disk electrodes (1)] are not 
useful since the reaction surface is inside the porous ma- 
trix, and therefore forced convection only affects the mate- 
rial transport to the pore mouth  but not within the matrix. 
In contrast, linear-sweep vol tammetry in which the elec- 
trolyte is stagnant can be used to perform in situ reaction 
kinetic studies on flooded porous electrodes. However, the 
presently available mathematical  methodologies that have 
been developed to determine kinetic parameters using 
LSV on a planar electrode (2-5) and in a thin-layer cell (6-8) 
are not applicable for a pore except  at large and small 
sweep rates, respectively, and in the absence of apprecia- 
ble ohmic resistance and axial diffusion. At high sweep 
rates the diffusion layer is small relative to the pore diam- 
eter, and when ohmic resistance is negligible the voltam- 
mogram has the characteristics of LSV on a planar elec- 
trode. For low sweep rates, radial concentration gradients 
are small, and if the pore is deep, axial concentration gradi- 
ents are negligible for the major fraction of the pore vol- 
ume, and consequently, the pore behaves like a thin-layer 
cell. However, at moderate sweep rates and/or in the pres- 
ence of appreciable ohmic resistance and axial diffusion, 
LSV cannot be characterized by these two limiting cases, 
and the resulting vol tammograms depend on the com- 
bined effects of ohmic, mass-transfer, and kinetic resist- 
ances. 

The approach taken in this paper is to assume a porous 
electrode is a collection of identical, noninterconnected 
flooded cylindrical pores. Since all pores are equivalent in 
this idealized electrode, the behavior of the complete elec- 
trode will be the same as that predicted for a single pore. 
(It is possible to predict  the performance for several differ- 
ent pore sizes and then combine the results  based on a 
given pore-size distribution, as suggested by Winsel (9) and 
de Levie (10).) The reaction occurring is 

0 + ne- ~ R [1] 

where O and R are soluble oxidized and reduced species, 
respectively, and n is the number  of electrons transferred. 
Using this model, we solved the governing material and 
charge conservation equations assuming Butler-Volmer 
kinetics when the potential at the pore opening changes 
linearly with time. The resulting vol tammogram is shown 
to be a function of six dimensionless parameters. Simple- 
to-apply empirical correlations which relate the peak cur- 
rents and potentials to these parameters (or a subset of 
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them) are established from the calculated voltammo- 
grams. Numerical  solution of the coupled partial differen- 
tial equations is computer  intensive (on the order of one 
CPU hour per simulation of a vol tammogram on an IBM/ 
3090 when using a finite-element technique). Therefore, a 
parametric evaluation of the general model  was conducted 
by introducing appropriate simplifications at various pa- 
rameter limits, and only using a finite-element numerical 
solution of the coupled conservations equations to bridge 
the gap between the limiting cases. 

The nonuniform current  distribution problems associ- 
ated with applying standard LSV methodologies in study- 
ing the kinetics of charge transfer at an electrode surface 
are not confined to porous electrodes. Thin-layer cells or 
novel analytical techniques like LSV in "holey electrodes" 
(11) have the limitation that measurements  need to be 
taken in narrow sweep-rate regions where either planar- 
electrode or thin-layer-cell behavior is observed and under 
conditions in which ohmic resistance and axial diffusion 
may be ignored. Although the impetus for our work is to 
characterize LSV in a porous electrode, the results are ap- 
plicable to cylindrical-pore electrochemical cells. 

Mathematical Model 
Assumptions . - -A cylindrical pore of diameter d extends 

from z = 0 to L. At the pore aperture (z = 0), the tube is ex- 
posed to the bulk solution containing both oxidized spe- 
cies O and reduced species R. The potential at the inlet of 
the tube is potentiostatically controlled. The inner wall of 
the tube is electroactive, and the closed end (z = L) is inac- 
tive. Other assumptions are: 

1. The solid phase is isopotential. 
2. The reaction is a simple redox process with soluble 

reactant and product. 
3. No other processes limit or alter the rates of mass 

transfer and charge transfer (i.e., no adsorption or desorp- 
tion and no preceding or following chemical reactions). 

4. The solution-phase potential is governed by Laplace's 
equation. 

5. Diffusion is the dominant  mass-transfer mechanism. 
6. The diffusion coefficients for the two reacting species 

are equal (@o = ~n = ~)- 
7. The reference electrode is placed at the pore aperture. 
8. Nonfaradaic current is negligible. 
9. The electrolyte in the reservoir is stagnant, and the 

axial concentration gradient of the reacting species at the 
pore opening is proportional to the difference between the 
bulk and aperture concentrations. 

10. The potential is radially uniform at the pore 
aperture. 

Assumptions 1-5 are common to most models of porous 
electrodes, although some, such as that of Grens and To- 
bias (12, 13), include the effects of migration and variable 
conductivity. Grens (14) addresses the importance of these 
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and other assumptions for the prediction of steady-state 
current density with a one-dimensional model. 

The assumption of equal  diffusivities (assumption 6) 
eliminates the diffusion equation for one of the redox spe- 
cies. In a previous study (5) we included the effect of differ- 
ing diffusion coefficients in the calculations for LSV on a 
planar electrod_e with reversible redox kinetics. For a ca- 
thodic sweep when the diffusion coefficient of the reduced 
species was 50% higher than that of the oxidized species (a 
significant variation), the peak current was less than 2% 
greater, and the peak potential 5/n mV (T = 298 K) more 
negative than if the diffusion coefficients were equal. If  the 
kinetics are irreversible, the concentration distribution of 
only the reactant is important, and assumption 6 has no ef- 
fect on the vol tammogram. Neglecting uncompensated re- 
sistance (assumption 7) limits the usefulness of the results 
if the potential drop between the reference electrode and 
the pore aperture is appreciable since the sweep rate at the 
pore opening would no longer be linear. However, uncom- 
pensated resistance may be negligible even when ohmic 
losses inside the pore are appreciable if  the cross-sectional 
area available for current flow is larger outside the pore 
than inside and the distance from the reference electrode 
to the pore mouth  is small. Neglecting double-layer charg- 
ing (assumption 8) places a lower limit on the reactant con- 
centration since only the reaction current decreases with a 
decreasing concentration, and an upper  limit on the sweep 
rate since the charging current is a stronger function of the 
sweep rate than is the reaction current. The restrictions on 
the reactant concentration and the sweep rate though are 
of the same order of magni tude as those for LSV on a pla- 
nar electrode (1). 

Assumption 9 is an at tempt to account for mass-transfer 
resistance in the bulk electrolyte by conceptualizing the 
pore aperture as an electroactive disk embedded on an in- 
sulating plane. Using this same approximation, Bond et al. 
(15) calculated the rate of diffusion of the reacting species 
into a cylindrical pore in which the closed end was electro- 
active and the walls were inactive. Assumptions 9 and 10 
are invoked since a rigorous treatment which would elimi- 
nate these  two assumptions would require the simulta- 
neous solution of the governing equations inside and out- 
side the tube, a fairly intractable problem. 

Governing equations.--The concentration of the oxi- 
dized species is governed by the time-dependent,  two- 
dimensional diffusion equation which in dimensionless 
form is 

3C~ 02C~ 1 0 ( 0C; / 
- - -  + -  - -  Y [ 2 ]  

O'r OZ 2 Y OY - ~ - /  

where the dimensionless variables are defined in the nota- 
tion section. The following boundary conditions reflect the 
model  assumptions 

=0 ;  C ~ = I  [2a] 

Z = 0 ;  0C~ - ( 4 )  (C~ - [2b] 

Z =  7; - 0 [2c] 
OZ 

Y = 0; - 0 [2d] 
OY 

Y = 1; - X/~I* [2el 
0Y 

where the dimensionless parameters are defined in 
Table I, and I* is the dimensionless local reaction current 
density, which is positive for a cathodic reaction. For reac- 
tions in which the kinetics are governed by the Butler-Vol- 
mer  rate equation, I* is given by 

I* = A [C~e-~E~-- ( 1+ 6 -  6C~) e~1-~)~] [3] 

Table I. Definition of the dimensionless parameters that govern LSV 
in a cylindrical-pore electrode and physical interpretation. The first 

three parameters have been used previously for LSV on a planar 
electrode, where A and a are applicable for irreversible kinetics 

(3, 4) and ~ is applicable for reversible kinetics (S). 

Parameter Interpretation Definition 

Mass-transfer resistance k ~ 
A 

Kinetic resistance (nfv~) 1/2 
Cathodic transfer coefficient 

Initial concentration ratio 

Diffusion time 

Sweep time 

Ohmic resistance @ 

-y 

c51c~ 

d2nf~ 

4~ 
2n S/2 F ff2 L 2CS( v@ ) t/2 

Mass-transfer resistance dK 

Length 2L 

Radius d 

where Eq. [3] makes use of the assumption of equal diffu- 
sivities for which the dimensionless concentration of the 
oxidized and reduced species are related by the mass 
balance 

1 + 1/6 = Co(Z, Y, T) + CR(Z, Y, v) [4] 

Laplace's equation governs the difference between the 
electrode and solution potential E which in dimensionless 
form is 

02E * 1 0 ( y O E *  I 
O= oZ 2 + ~ - ~  \ OY / [5] 

with boundary conditions 

Z = 0; E* = In 6 - cr~ [5a] 

0E* 
Z = 7 ;  - - = 0  [5b] 

OZ 

3E* 
Y=O;  = 0 [5c] 

OY 

OE* 
Y = 1; ~ -  = (@/72)1 * [5d] 

Since each finite-element simulation of  a vol tammogram 
takes on the order of one CPU hour on an IBMf3090, it is 
desirable to make some simplifications. Figure 1 contains 
a schematic of the simplifications made in this work which 
decrease the number  of parameters influencing the v01- 
tammogram. For instance, the concentration ratio 6 is not 
applicable for irreversible kinetics, and the ratio of kinetic 
to mass-transfer resistance A does not apply for reversible 
kinetics. The length-to-radius ratio 7 is eliminated when 
axial diffusion is negligible, regardless of whether or not 
ohmic resistance is appreciable, and the ratio of ohmic 
resistance to mass-transfer resistance @ is only applicable 
when ohmic resistance is appreciable. 

Correlations are obtained in the limit of irreversible and 
reversible kinetics when axial diffusion is negligible. 
When ohmic resistance is negligible, the peak currents and 
potentials are correlated to A, ~, and ~ for irreversible ki- 
netics, and to 6 and (r for reversible kinetics. In the pres- 
ence of appreciable ohmic resistance, the additional pa- 
rameter O is incorporated into the correlations. Due to the 
requisite computer  time, the correlation for the case when 
the kinetics are reversible and ohmic resistance is appre- 
ciable is established at large 6, for which the voltammo- 
gram becomes independent  of this parameter. Also pre- 
sented are the criteria for which axial diffusion and ohmic 
resistance may be ignored. 

Negligible axial  diffusion: With and without apprecia- 
ble ohmic resistance.--The axial component  of Eq. [2] may 
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A,a,~,o ' ,O,7 

Irreversible Kinet~everslble Kinetics 

A , a , a , O , 7  ~ ,a ,O,7  

Negligible Axial 
Diffusion 

I 
Nel~li~ible Ohmic Resistance 

Fig. 1. Schematic of the simplifications made in this work and the re- 
sulting parameters that govern LSV in a cylindrical-pore electrode. 
Correlations are obtained for the peak currents and potentials as a 
function of the parameters which are boxed in the limit of irreversible 
and reversible kinetics when axial diffusion is negligible. Due to the 
requisite computer time, the correlation for the case when the kinetics 
are reversible and ohmic resistance is appreciable is obtained at large 
for which the voltammogram becomes independent of this parameter. 
Also presented in this work are the criteria for which axial diffusion and 
ohmic resistance may be ignored. 

be eliminated when axial diffusion is negligible. The La- 
place transform of the resulting equation is taken with re- 
spect to ~, the resulting ordinary differential equation for 
the transformed concentration is solved, the gradient of 
the transformed concentration at the electrode surface is 
related to the transformed reaction current, and finally the 
convolution property of Laplace transforms is applied to 
invert back to the time domain resulting in 

where X~ are the zeros of t he  first-order Bessel function 
Jl(knl) = 0. 

Equation [6] is valid regardless of the particular form of 
the reaction rate equation since it relates the concentration 
of O at the electrode surface to an, asyet,  unspecified reac- 
tion current. In  order to generate a voltammogram, it is 
necessary to determine the current at every point in the 
sweep. As a step in calculating I*(v), the integral in Eq. [6] is 
approximated numerically (2) as 

f~ [ | ] q-1 1 + ~ e -~  ('-~') I*(~')d~'~ ~ Bfl*(qh- ~h) [7] 
n l = l  J ~=0 

where h is the interval width such that v = qh and ~' = ~Lh. 
The coefficient Be are-determined by approximating the 
unknown  function I*(~') by a linear expression in the inter- 
val between ~ and ~ - 1, integrating the left side of Eq. [7], 
and solving for the coefficients. For ~ = 0 this procedure 
results in 

h e -~lh - 
- = ~-4~h ) [8] 

and for ~ from 1 to q - 1 

B~=h+ ~ - -  
nl=l 

e-~lh(~-l) 
X4~h (1 - e -~ l~)~  [9] 

(Richardson extrapolation (16) was used to speed the con- 
vergence of Eq. [8] and [9] and all other nonoscillating 
series given in this paper.) 

'If ohmic resistance is negligible, the potential at the tube 
wall E* is equal to that applied at the pore opening (E* = 

In ~ - a~), but  in the presence of appreciable ohmic resist- 
ance, the two-dimensional form of Laplace's equation for 
the potential (Eq. [5]) must  be solved to obtain E*. Winsel 
(9) and Viner and Fedkiw (17) solved Eq. [5] to determine 
E* as a function of axial position for an arbitrary time- 
dependent  potential variation at the pore opening. For a 
linear potential ramp ( - ~ ) ,  the wall potential at any axial 
position and time is 

E*(Z,T) = -o"r 

+ ( 2 0 )  ~= ~_~  = ~I~(~I~ [10] 

where I0(~) and I1(~) are zero- and first-order modified 
Bessel functions, respectively, and ~-= (n - V2)~r/~. Equa- 
tion [10] is valid regardless of the reaction rate equation. 
Although Eq. [10] is a function of~, it can be shown that in 
the limit of~ --> =, Eq. [10] is independent  of~. Further, the 
results presented here which make use of Eq. [10] were in- 
dependent  of ~ for ~ -> 10 within the accuracy of the solu- 
tion methods employed. Therefore, in the limit of negligi- 
ble axial diffusion the voltammogram is independent  of ~/ 
for~/>- 10. 

Quasi-reversible kinetics.--Substituting Eq. [6] and [7] into 
Eq. [3] and solving for the current gives 

I*q~v(qh) 

A 1 - 2X/-d~ ~ Bd*~v(qh - ~h) (1 + e ~)  - (1 + 1/~)e~ 
-- I L=I 

e ~ + 2V~AB0(1 + e F~) 

[11] 

where the subscript "qrev" indicates quasi-reversible kine- 
tics. The voltammogram is obtained by stepping Eq. [11] 
through time with E* = (In ~ - cry) when ohmic resistance 
is negligible, or coupling it with Eq. [10] in the presence of 
appreciable ohmic resistance. 

Irreversible kinetics.--When the kinetics are irreversible 
Eq. [3] reduces to 

I~ev = hC~e - ~  [12] 

where the subscript "irrev" indicates irreversible kinetics. 
Substi tuting Eq. [6] and [7] into Eq. [12] and solving for 
I*~rev(qh) gives 

A[l - 2 ~/~ ~aBfl*rrev(qh- ~Lh)] 
~=1 [13] I%ev(qh) - e ~Er + 2 X/~AB0 

Reversible kinetics.--For a reversible electrochemical reac- 
tion, the surface concentrations of O and R are coupled 
through the Nernst equation to the potential by 

(1 + ~)e ~ 
c ~ ( 1 ,  ~) - [14]  

~[1 + e F~] 

Substi tuting Eq. [6] and [7] into Eq. [14] and solving for the 
current gives 

- eE~ q-1 
I*rev(qh) 

2~ V~B0[1 + e F~] ~=A, 
Bfl*rev(qh- ~h)/Bo [15] 

where the subscript "rev" denotes reversible kinetics. 
In  order to assess the accuracy of the integral approxi- 

mation given in Eq. [7], an alternative solution to the time 
and radial-dependent diffusion equation can be generated 
when the kinetics are reversible by solving the equation 
for a uni t  step change in the potential at the tube wall and 
using Duhamel 's  superposition principle [18] to account 
for the t ime-dependent  boundary condition given by 
Eq. [14]. The resulting expression is 
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I*e,,('r) = 2(1 + ~)~ ,~o=~ ~ f l  

e x p  [ - [ ~ '  + ~0(~ - z')]] 
dr' [16] 

[1 + ~ e x p  (-cr~')] 2 

w h e r e  X,0 a re  t h e  zeros  of  t h e  ze ro -o rde r  B e s s e l  f u n c t i o n  
J0(X~0) = O. 

Results and Discussion 
As o u t l i n e d  in  Fig. 1, co r r e l a t i ons  are  o b t a i n e d  in  t h e  

l imi t  of  i r r eve r s i b l e  a n d  r e v e r s i b l e  k i n e t i c s  for  t h e  p e a k  
c u r r e n t s  a n d  p o t e n t i a l s  as  a f u n c t i o n  of  t h e  g o v e r n i n g  di- 
m e n s i o n l e s s  p a r a m e t e r s  w h e n  ax ia l  d i f fus ion  is negl ig ib le .  
E q u a t i o n s  [13] a n d  [15] a re  app l i ed  for  i r r eve r s ib l e  a n d  re- 
v e r s i b l e  k ine t i cs ,  r e spec t ive ly ,  w i t h  E *  = (ln ~ - ~ )  w h e n  
o h m i c  r e s i s t a n c e  is neg l ig ib l e  or  c o u p l e d  w i t h  Eq.  [10] 
w h e n  it  is app rec i ab l e .  E q u a t i o n s  [2] a n d  [5] are  so lved  si- 
m u l t a n e o u s l y  in  p a r a m e t e r  r eg ions  w h e r e  t he  i t e ra t ive  
t e c h n i q u e  u s e d  to c o u p l e  t h e  ana ly t i ca l  e x p r e s s i o n s  does  
n o t  c o n v e r g e  a n d  to e s t a b l i s h  t h e  c r i t e r ia  for  n e g l e c t i n g  
ax ia l  d i f fus ion .  C o m p u t a t i o n a l  de ta i l s  a n d  t he  c o m p u t e r  
codes  are  ava i l ab le  in  t h e  t hes i s  u p o n  w h i c h  th i s  w o r k  is 
b a s e d  (19). 

Negligible ohmic resistance and axial d i f fus ion . -  
Irreversible kinetics.--When t h e  k i n e t i c s  are  i r revers ib le ,  i t  
was  s h o w n  t h a t  o n  a p l a n a r  e l e c t r o d e  (2-4) a n d  in  a t h in -  
l aye r  cel l  (7) t h e  q u a n t i t i e s  (I*ir~v/'~/~) a n d  [~E~.~r 
ln(A/X/~)] a re  a f u n c t i o n  on ly  of  t h e  p r o d u c t  o f  t h e  d i m e n -  
s ion less  s w e e p  r a t e  a n d  t h e  t r a n s f e r  coeff ic ient ,  am T h e  
v o l t a m m o g r a m  for  L S V  in  a cy l ind r i ca l -po re  e l ec t rode  
w h e n  t h e  k i n e t i c s  a re  i r r e v e r s i b l e  a n d  o h m i c  r e s i s t a n c e  
a n d  axia l  d i f f u s i o n  are  n e g l i g i b l e  also d e p e n d s  on ly  u p o n  
~ i f  t h e  v o l t a m m o g r a m  is p l o t t e d  as s h o w n  in  Fig. 2. T h e  
v o l t a m m o g r a m s  in  Fig.  2 a re  at  t h r e e  v a l u e s  of  ~ a n d  re- 
su l t  f r o m  t h e  a p p l i c a t i o n  of  Eq.  [13] w i t h  E*~ = (ln ~ - ~ ) .  

I n  o r d e r  to  i l l u s t r a t e  t h e  l i nea r  a s y m p t o t e  in  t h e  p e a k  
c u r r e n t  a t  sma l l  ~g, t h e  d i m e n s i o n l e s s  p e a k  va lues  ob- 
t a i n e d  b y  a p p l y i n g  Eq.  [13] are  p l o t t ed  in  Fig. 3 as a func-  
t i on  of  X/~m Only  t h e  s i m u l a t i o n  da ta  u p  to ~ = 20 are 
s h o w n  to e m p h a s i z e  t h e  t r a n s i t i o n  in t h e  b e h a v i o r  of  t h e  
p e a k  v a l u e s  b e t w e e n  la rge  a n d  sma l l  a~. As  ~ g - ~  ~, t he  
d i f fu s ion  layer  is sma l l  r e l a t ive  to t he  p o r e  d iamete r ,  a n d  
t h e  p e a k  v a l u e s  a p p r o a c h  t h o s e  o b t a i n e d  for  L S V  on  a pla- 
n a r  e l e c t r o d e  [i.e., t h e  p e a k  c u r r e n t  is p r o p o r t i o n a l  to  t h e  
s q u a r e  roo t  of  t h e  s w e e p  rate ,  a n d  t h e  p e a k  p o t e n t i a l  sh i f t s  
30/n~ m V  at  T = 298 K for  eve ry  t en fo ld  i nc r ea se  in  t h e  
s w e e p  ra t e  (2-4)]. T h e  p e a k  c u r r e n t s  a n d  p o t e n t i a l s  for L S V  
o n  a p l a n a r  e l e c t r o d e  a re  l i s ted  in  rows  1 a n d  2 of  Tab le  II  
a l o n g  w i t h  t h e  l o w e s t  v a l u e  of  ~cr for  w h i c h  th i s  l imi t  rea-  
s o n a b l y  h o l d s  in  a cy l ind r i ca l -po re  e lec t rode .  T h a t  is, t h e  
p e a k  c u r r e n t s  for  L S V  on  a p l a n a r  e l e c t r o d e  are  w i t h i n  5% 
of  t h o s e  o b t a i n e d  in  a cy l ind r i ca l -pore  e l ec t rode  for  
~ > 225, a n d  t h e  p e a k  p o t e n t i a l s  are  w i t h i n  5/n~ m V  
(T = 298 K) of  e a c h  o t h e r  for  a~  > 45. 

As t h e  s w e e p  ra t e  a p p r o a c h e s  zero  (~g ~ 0), t h e  rad ia l  
c o n c e n t r a t i o n  g r a d i e n t s  a p p r o a c h  zero, a n d  t h e  v o l t a m m o -  
g r a m s  h a v e  t h e  c h a r a c t e r i s t i c s  of  L S V  in  a t h in - l aye r  cel l  
[i.e., t h e  p e a k  c u r r e n t  is p r o p o r t i o n a l  to  t he  s w e e p  rate,  a n d  
t h e  p e a k  p o t e n t i a l  sh i f t s  59/n~ m V  at  T = 298 K for  eve ry  
t e n f o l d  i n c r e a s e  in  t h e  s w e e p  ra t e  (7)]. T h e  p e a k  c u r r e n t s  
a n d  p o t e n t i a l s  for  L S V  in  a t h in - l aye r  cel l  are  l i s t ed  in  rows  
3 a n d  4 of  T a b l e  II  a long  w i t h  t h e  h i g h e s t  v a l u e  of  ~c~ for  
w h i c h  t h i s  l imi t  h o l d s  in  a cy l ind r i ca l -pore  e lec t rode .  

I n  o r d e r  to  co r r e l a t e  t h e  p e a k  v a l u e s  to  a a  ove r  t h e  en t i r e  
p a r a m e t e r  range ,  t h e  fo l lowing  e m p i r i c a l  r e l a t i onsh ips ,  
m o t i v a t e d  b y  t h e  a s y m p t o t i c  t r e n d s  s e e n  in  Fig. 3, we re  fit 
to  t h e  p e a k  c u r r e n t s  a n d  p o t e n t i a l s  o b t a i n e d  f r o m  Eq.  [13] 

I*,ix~(c~l) = [I~,i~v(planar) m + I* ,~ ( th in - l aye r ) ' ~ ]  v~ [17] 

w h e r e  m = -1 .81,  a n d  

e x p  ~E~,i=~v(g) = [(exp ~E~,i~,v(planar)) TM 

+ (exp  ~E*, i~( th in - layer ) )~]  ~/m [18] 

w h e r e  m = 2.05. T h e  e m p i r i c a l l y  d e t e r m i n e d  m v a l u e s  
we re  f o u n d  b y  l eas t  s q u a r e s  fit of  t h e  a b o v e  e q u a t i o n s  to  

, m  

25.7 [exEi*,e v - In(A/v/a)] (mV) 

Fig. 2. Illustration of the effect of the product of the dimensionless 
sweep rate and the transfer coefficient, acL on the calculated cathodic 
voltammograms for linear-sweep voltan~metry in a cylindrical-pore 
electrode. The simulations result from applying Eq. [13] with E*~ = 
(In ~ - ~T) for which the kinetics are irreversible, and ohmic resistance 
and axial diffusion are negligible. At cx~ = 500, the peak current is ap- 
proximately 3% less than that on a planar electrode and 1/nc~ mV more 
positive. At ~ = 0.5, the voltammogram approaches that obtained in 
a thin-layer cell with the peak current approximately 3% lower and the 
peak potential 0.5/nc~ mV more positive. The potential, in mV, is for 
T = 298 K. 

t h e  p e a k  va lues  for  250 d i f f e ren t  va lues  of  a~  w i t h  cr rang-  
ing  f rom 10-~'to 104 a n d  a r a n g i n g  f r o m  0.1 to 0.9. E q u a t i o n s  
[17] a n d  [18] are  p l o t t e d  o n  Fig. 3 as t h e  sol id  l ines  a n d  are  
s een  to fit t h e  c a l cu l a t i ons  well.  

Aok i  et al. (20) a lso u s e d  t h e  p e a k  va lues  for  L S V  o n  a 
p l a n a r  e l e c t r o d e  (3, 4) a n d  in  a t h in - l aye r  cel l  (6) as a s y m p -  

0 . 6 0  : : : : : : : : : : : : ; : : : : : : 

L~ 0.50 t . . . . . . . . . .  ; .  

"~ 0.40 I I  I 4-~..x.e§ 4+ .I~-+.H. +~- + 

L~g: 0.30 t 

0.20 

0.10 

0.00 

~ --equation 18 

,r 

0 5 I 0  1 5  2 0  

100 

80 ~ 
.60 ~ 

40 21 
t 

2o ~ 
& 

.o N~ 

-20 ~ 

Fig. 3. Calculated dimensionless peak currents and potentials for lin- 
ear-sweep voltammetry in a cylindrical-pore electrode when the kinet- 
ics are irreversible and ohmic resistance and axial diffusion are negligi- 
ble. The symbols result from the use of Eq. [13] with E* = (In ~ - ~ )  
and the solid lines are the correlations which were fit to the calcula- 
tions. The dashed lines as ~ --~ oo are the dimensionless peak currents 
and potentials for LSV on a planar electrode (2-4), and those as 
c~ --~ 0 are far LSV in a thin-layer cell (7) (see Table IlL The potential 
is for T = 298 K. 
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Table II. Expressions for the peak current and potential on a planar electrode and in a thin-layer cell for irreversible kinetics. The ~ limit 
column indicates the value at which the peak currents ore within 5% and the peak potentials within 5/nc~ mV (T = 298 K) of the values 

calculated for LSV in a cylindrical-pore electrode if ohmic resistance and axial diffusion are negligible. 

Peak current or potential expression Reference ~ Limit 

I~,~ev(planar) = 0.4958 

1 A 
E* L~(planar) = ~ [ln ( - ~ )  - 0.780] 

I~,~(thin-layer) = 0.184 (~ 

E*,t~(thin-layer) = 1 [ln ( A  ~ -  in ( ~ - ) ]  
t \ ~ /  

tot ic  l imits  at large and smal l  sweep  rates, respect ively ,  to 
ob ta in  two-pa rame te r  empi r ica l  fits o f  the  peak  currents  
and  potent ia ls  for  L S V  in a r ec tangu la r  cell  w h e n  the  ki- 
net ics  are revers ib le  and ohmic  res is tance  and axial  diffu- 
s ion are negl igible .  Daruh~zi  et al. (21) conf i rmed experi-  
men ta l ly  the  t rans i t ion  b e t w e e n  p lanar-e lec t rode  and 
thin-layer-cel l  behav io r  f rom v o l t a m m o g r a m s  genera ted  in 
a rec tangula r  cell. 

Methodology to extract  kinetic constants for  an irreversible 
react ion.--Equations [17] and [18] are m a d e  d imens iona l  by  
subs t i tu t ing  in the  p lanar -e lec t rode  and thin-layer-cel l  l im- 
i t ing  express ions  f rom Table  I I  a long wi th  the  defini t ions 
for ~ and I* (with t h e  total  cur ren t  { = A I  where  A is the  
e lec t rode  area, and the  "/V' symbo l  indica tes  wha t  wou ld  
be  measu red  if ohmic  res is tance  and axial  diffusion were  
negligible).  The  resul t ing  d imens iona l  peak-cur ren t  equa-  
t ion shows that  the  t ransfer  coeff ic ient  ~ can be es t imated  
f rom ei ther  the  s lope or  in te rcep t  of  a (v/{p) TM vs. v ~176176 plot. 
(See first th ree  rows of  Table  III.) Af te r  a is de te rmined ,  
the  s tandard  rate cons tan t  k ~ can be  es t imated  f rom ei ther  
the  s lope  or in te rcep t  of  a (~e~E~) 2~ VS. v '~ plot. 

I f  all the  data  are close to the  p lanar-e lec t rode  limit,  the  
in te rcep t  will  be  smal l  re la t ive  to the  s lope t imes  the  ab- 
scissa, and the  k ine t ic  cons tants  ob ta ined  f rom the  s lope 
should  be  a be t te r  es t imate  than  those  obta ined  f rom the  
intercept .  However ,  i f  the  sweep  rates are low such that  
mos t  of  the  data  lie in the  thin-layer-cel l  l imit ,  the  reverse  
of  tha t  s ta ted above  will  be  true.  For  data  in the  t rans i t ion  
region b e t w e e n  the  two limits,  an average  of  the  es t imat ion  
f rom the  s lope and the  in te rcep t  is r e c o m m e n d e d .  

The  ut i l i ty  o f  th is  p rocedure  was eva lua ted  by choos ing  
a set of  va lues  for all sys tem variables,  inc lud ing  a and k ~ 
us ing 30 s imula t ion  L S V  data for wh ich  (r var ied  f rom 0.1 
to 1000, and t h e n  ca lcu la t ing  a and k ~ f rom the  s lope and 
in te rcep t  of  the  appropr ia te  plot. Table  I I I  lists the  sys tem 
variables ,  the  ca lcula ted  kinet ic  parameters ,  and the  abso- 

(2-4) ~ > 225 

(2-4) ao > 45 

(7) ~(~ < 1 

(7) ~o < 12 

lute  pe rcen t  devia t ion  b e t w e e n  the  actual  and calcula ted 
va lues  o f ~  and  k ~ The  major i ty  of  the  data  lie in the  transi- 
t ion  reg ion  b e t w e e n  the  p lanar-e lec t rode  and thin-layer-  
cell  l imits,  and  as e x p e c t e d  the  s lope and in te rcep t  give an 
es t imate  of  the  k ine t ic  pa ramete rs  to wi th in  the  same per- 
cent  deviat ion,  wi th  t h e  average  of  the  two usual ly  result-  
ing  in an e v e n  more  accura te  es t imate .  The  average  of  
a(slope) and a( intercept)  was used  a long wi th  the  peak  po- 
tent ia ls  to de t e rmine  k ~ A l though  Table  I I I  indicates  that  a 
and k ~ m a y  be  es t ima ted  to wi th in  the  same pe rcen t  devia- 
tion, in pract ice  the  unce r t a in ty  in k ~ will  p robab ly  be 
grea ter  s ince  the  expe r imen ta l  unce r t a in ty  in t he  peak  po- 
tent ia ls  is grea ter  than  tha t  for the  peak  currents .  The  peak  
potent ia ls  f rom the  s imula t ions  were  r ecorded  to _ 1~no 
m V  (T = 298 K), wh ich  t ransla tes  into an 8% error  in the  or- 
d inate  va lues  g iven  in Table  III. F r o m  Fig. 2 we  see that  
graphica l ly  the  uncer ta in ty  in the  potent ia l  could  be  _+ 5~no 
m V  (T = 298 K), wh ich  is an unce r t a in ty  in the  ord ina te  
va lue  of  50%. A l t h o u g h  this  uncer t a in ty  is significant,  the  
error  is of  the  same  m a g n i t u d e  as that  ar is ing f rom L S V  on 
a p lanar  e lectrode,  and the  resul t ing  es t imate  of  k ~ is usu- 
ally sufficient.  

Reversible k ine t ics . - -When the  k inet ics  are reversible ,  it 
$ was shown  that  on a p lanar  e lec t rode  I p,rev and  E~,rev are in- 

d e p e n d e n t  of  a (3-5) bu t  do d e p e n d  upon  g (5). In  a thin- 
layer  cell  it was shown  that  l*,~v is a l inear  func t ion  of  X/~, 
and E* .... is i n d e p e n d e n t  of  (~ (6). Here  we  show h o w  the  
func t iona l  d e p e n d e n c e  of  the  peak  va lue  on ~ g iven  by 
H u b b a r d  and Anson  (6) can be  e x t e n d e d  to inc lude  a g de- 
pendence .  The  v o l t a m m o g r a m  for L S V  in a cyl indrical-  
pore  e lec t rode  w h e n  the  k ine t ics  are  revers ib le  and ohmic  
res is tance and axial  d i f fus ion are negl ig ib le  also depends  
only upon  ~ and ~. 

In  order  to i l lustrate  the  l inear  a sympto te  in the  peak  
cur ren t  wh ich  depends  on r the  d imens ion less  peak  
values  ob ta ined  by app ly ing  Eq. [15] wi th  E*  = (ln ~ - ~v) 

Table III. The suggested manner to plot LSV data from a cylindrical-pore electrode for an irreversible reaction in order to extract kinetic 
constants. As an illustration, the agreement of simulation results with the empirical fit is presented assuming: n = 1, T = 298 K, d -- 0.02 cm, 

L = 0.3  cm, C8 -- 10 -s mol/cm 3, ~ = 10 -s cm2/s, k ~ = ]0  8 cm/s, and 0.25 mV/s <- ~ -< 2.5 Ws. With this data, cT ranges from 0.] to {000. The 
"A"  symbol above the peak current and potential indicates what would be measured if ohmic resistance and axial diffusion were negligible. First 

c~ was determined from the peak currents, and then the average of c~(slope) and c~(intercept) was used along with the peak 
potentials to determine k ~ 

(~)181 vs. ~,o.9o~ 

(1.56n F d LC~ ",~n f~ ) -1-s l 

P l o t  (petE})) 2~ v s .  p1.025 

(0.458k ~ )2.05 
Slope \ 

Intercept (0.289n2fFd2LC~cO -US1 ( 4k ~ ~2.0~ 
\(~nfd/ 

k o • 10 8 ko • 10 8 

c~ c~ ]%{ c~ {%{ cm/s ]%{ cm/s I%1 
(Actual) (Slope) Dev. (Intercept) Dev. (slope) Dev. (intercept) Dev. 

0.1 0.096 4 0.100 <1 1.02 2 1.00 <1 
0.3 0.293 2 0.288 4 1.01 1 1.00 <1 
0.5 0.475 5 0.516 3 1.01 1 0.97 3 
0.7 0.667 5 0.716 2 1.03 3 0.95 5 
0.9 0.861 4 0.914 2 1.05 5 0.95 5 

Downloaded 15 Jul 2011 to 129.252.106.25. Redistribution subject to ECS license or copyright; see http://www.ecsdl.org/terms_use.jsp



d. Etectrochem. Soc., Vol. 138, No. 9, September 1991 �9 The Electrochemical Society, Inc. 

are p lo t ted  in Fig. 4 as a func t ion  of  ~ for three  values  of  
@. Only a por t ion  of  the  ca lcu la ted  resul ts  are shown in 
o rder  no t  to c lu t te r  the  f igure and to emphas i ze  the  transi-  
t ion in the  behav io r  b e t w e e n  large and smal l  m As wi th  ir- 
revers ib le  kinet ics ,  the  peak  va lues  approach  those  ob- 
t a ined  for L S V  on  a p lanar  e lec t rode  as (r--> r162 (i.e., the  
peak  cur ren t  is p ropor t iona l  to t he  square  root  of  the  
sweep  rate, and the  peak  potent ia l  is sweep-ra te  independ-  
ent). We p rev ious ly  deve loped  corre la t ions  for the  peak  
currents  and potent ia ls  as a func t ion  of  @ for L S V  on a pla- 
nar  e lec t rode  (5) based  u p o n  the  resul ts  of  Matsuda  and 
Ayabe  (3) and Nicho l son  and Sha in  (4), and these  are  l is ted 
in rows 1 and 2 of  Table  IV. The  first two e lemen t s  of  the  
last  c o l u m n  in th is  tab le  show the  lowes t  va lue  of  ~ for 
w h i c h  p lanar -e lec t rode  behav io r  reasonab ly  holds  for a cy- 
l indr ica l -pore  e lec t rode;  tha t  is, the  peak  currents  for L S V  
on a p lanar  e lec t rode  are wi th in  5% of  those  obta ined  in a- 
cyl indr ica l -pore  e lec t rode  for ~ > 300, and the  peak  poten-  
tials are wi th in  5/n m V  (T = 298 K) for ~ > 40. 

As the  sweep  rate  approaches  zero, the  v o l t a m m o g r a m s  
have  the  character is t ics  of  L S V  in a th in- layer  cell  (i.e., the  
peak  cur ren t  is p ropor t iona l  to the  sweep  rate and the  peak  
potent ia l  is sweep-ra te  independent ) .  H u b b a r d  and Anson  
(6) de r ived  a cur ren t -po ten t ia l  re la t ionship  for L S V  in a 
th in- layer  cell  w h e n  only  the  ox id ized  species  is init ial ly 
p re sen t  (~ = ~) and the  vo l tage  is swept  cathodical ly.  They  
found  tha t  the  ca thodic  cur ren t  dens i ty  is g iven  by 

nZfFVCSve E* 
Ir~v(thin-layer) - [19] 

A[1 + eE*] 2 

where  V is the  v o l u m e  of  the  th in- layer  cell. When the  ini- 
t ial  concen t ra t ion  of  the  r educed  species  is not  negl ig ibly  
small,  Eq.  [19] r ema ins  val id  e x c e p t  tha t  C~ is rep laced  by 
(C5 + C~). Therefore ,  w h e n  C~) > C~ (6 > 1), the  peak  is the  
formal  po ten t ia l  (E* = 0) for all va lues  of  6. However ,  w h e n  
C~ < C~ (6 < 1) t he  s tar t ing potent ia l  is nega t ive  wi th  re- 
spec t  to the  formal  potent ia l  and there fore  the  peak  cur- 
ren t  occurs  at the  start  of  the  sweep  (E* = In 0 and the  cur- 
ren t  decays  mono ton ica l ly  as the  ox id ized  species  is 
reduced.  The  d imens ion less  peak  values  in the  l imit  of  

--> 0 are l i s ted in rows  3 and 4 of  Tab le  IV. 
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Fig. 4. Calculated dimensionless peak currents and potentials for lin- 

ear-sweep voltammetry in o cylindrical-pore electrode when the kinet- 
ics ore reversible and ohmic resistance and axial diffusion are negligi- 
ble. The symbols result from the use of Eq. [15] with E* = (In ~j - ~ )  
and the solid lines are the correlations which were fit to the calcula- 
tions. The dashed lines as a --~ ao are the dimensionless peak currents 
and potentials for LSV on o planar electrode (5), and those as cr --> 0 
are for LSV in a thin-layer cell (6) (see Table IV). The potential is for 
T = 298 K. 
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The  h ighes t  va lue  of  ~ for wh ich  thin-layer-cel l  behav ior  
is obse rved  is a s t rong  func t ion  of~. Fo r  6 - 5, the  peak  cur- 
rent  ob ta ined  f ro im Eq. [15] is wi th in  5% of  I* rev(thin-layer) 
g iven  in Table  IV w h e n  (r < 2, bu t  for ~ -< 0.1, (r has to be  
less than  0.1 for the  two  currents  to be  wi th in  5%. A func- 
t ional  d e p e n d e n c e  of  t he  u p p e r  ~ l imi t  on 6 was  ob ta ined  
by pe r fo rming  a two-pa rame te r  empi r ica l  fit shown  in row 
3 of  Table  IV. H u b b a r d  and A n s o n  (6) gave  the  uppe r  l imi t  
on a as 0.14 for w h i c h  thin-layer-cel l  behav io r  is observed  
for the  peak  cur ren t  to wi th in  5% for 6 = ~. They  arr ived at 
this  sweep-ra te  l imi t  by c o m p a r i n g  the  re la t ive  magni-  
tudes  of  the  var ious  t e rms  in the  one-dimensional ,  trans- 
ient -di f fus ion equat ion .  This  l imi t  agrees wi th  wha t  we  
found at smal l  va lues  of  ~, bu t  i t  is over- res t r ic t ive  at large 
~. That  is, w h e n  the  ox id ized  species  concen t ra t ion  is ini- 
t ially dominan t ,  the  sweep  rate  can  be  over  an order  of  
m a g n i t u d e  h igher  than  that  g iven  by H u b b a r d  and Anson  
(6) and still have  the  ca thodic  p e a k  cur ren t  ob ta ined  f rom 
Eq. [15] to be wi th in  5% of tha t  ob ta ined  for L S V  in a thin- 
layer  cell. 

The  fo l lowing empi r ica l  re la t ionships ,  mo t iva t ed  by  the  
asympto t ic  t r ends  seen in Fig. 4, were  fit to the  peak  cur- 
rents  and potent ia ls  ob ta ined  f rom Eq. [15] 

I*~v((r) = [I*re~(planar) m + I~.r~(thin-layer)m] um [20] 

whe re  

m = -0.565 L0.729 + ~ 2 . 6 2 j  - 1.475 [21] 

and 

E*,~v(~) = [E~,r~v(planar) - E~.~v(thin-layer)] I m - - ~  ] 

+ E*rev(thin-layer) [22] 

whe re  

[ C 1 m = 5.07 1.98 + ~2.68j + 2.13 [23] 

The  empi r ica l ly  d e t e r m i n e d  m va lues  f rom Eq. [21] and [23] 
were  found  by least  squares  fit of  Eq. [20] and [22], respec-  
tively, to t he  d imens ion less  peak  va lues  for 51 va lues  of  r 
ranging  f rom 10 -1 to 104 at each  of  30 va lues  of  ~ ranging  
f rom 10 -3 to 103. The  funct iona l  d e p e n d e n c e  of  m on ~ was 
obta ined  by us ing  the  empi r ica l ly  de t e rmined  l imi t ing m 
va lues  at large and smal l  ~, and pe r fo rming  a two- 
pa rame te r  least  square  fit. 

The  error  in t he  s imula ted  v o l t a m m o g r a m  aris ing f rom 
the  in tegra l  a p p r o x i m a t i o n  g iven  in Eq.  [7] was assessed by 
c o m p a r i n g  the  peak  cur ren ts  ob ta ined  f rom Eq. [15] to 
those  ob ta ined  f rom Eq. [16]. A l t h o u g h  the  peak  cur ren t  
f rom Eq. [16] m a y  be  ob ta ined  by genera t ing  an ent i re  vol- 
t a m m o g r a m ,  a more  conven i en t  analyt ical  p rocedure  was 
de r ived  by  di f ferent ia t ing  Eq. [16] w i th  respec t  to �9 and  set- 
t ing the  resul t  equa l  to zero. The  potent ia l  wh ich  satisfies 
the  resul t ing  express ion  is the  peak  potent ia l  which,  w h e n  
subs t i tu ted  into Eq.  [16], specif ies the  peak  current .  
N e w t o n ' s  m e t h o d  was used  to solve the  resul t ing  non- 
l inear  equa t ion  for the  peak  potent ia l  genera ted  f rom this 
procedure .  Fo r  ~ ranging  f rom 10 -3 to 103 and a va ry ing  
f rom 10 -t to 104, the  peak  currents  ca lcu la ted  f rom the  two 
cur ren t -potent ia l  re la t ionships  agree  to wi th in  0.1% of 
each  other,  ver i fy ing  the  in tegra l  app rox ima t ion  in Eq.  [7]. 

Methodology to determine the number of electrons trans- 
ferred for a reversible reaction.--After Eq.  [20] is m a d e  di- 
mens ional ,  t he  resul t  indica tes  tha t  p lo t t ing  (~Jv) m vs. v -~v2 
should  yie ld  a s t ra ight  l ine wi th  the  s lope or  in te rcep t  
g iven  in Tab le  V used  to d e t e r m i n e  n, the  n u m b e r  of  elec- 
t rons t ransfer red .  The  "/V'  s y m b o l  above  the  peak  cur ren t  
indicates  wha t  wou ld  be  m e a s u r e d  if  ohmic  res is tance  and 
axial  d i f fus ion were  negl igible .  The  ut i l i ty  of  this  proce-  
dure  was eva lua ted  by  choos ing  a set  of  va lues  for all sys- 
t e m  variables ,  i nc lud ing  n, us ing  30 s imula t ion  L S V  data 
for wh ich  a va r ied  f rom 0.4 to 400, and  then  calcula t ing n 
f rom the  s lope  and the  intercept .  Tab le  V lists the  sys tem 
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Table IV. Expressions for the peak current and potential on a planar electrode and in a thin-layer cell for reversible kinetics. The ~ limit 
indicates the value at which the peak currents are within 5% and the peak potentials within 5/n mV (T = 298 K) of the values calculated for 

LSV in a cylindrical-pore electrode if ohmic resistance and axial diffusion are negligible. 

Peak current or potential expression Ref. ~ Limit 

I*.,-,v(planar) = 0.6103 - 0.164 ( 1 . 0 ~ +  ~) (5) or> 300 

[(2"351~']~ + I " L\-~l 3"74j TM (5) .u > 40 E~.~,(planar) In 

l~,r.v(thin-layer) = (6) .< exp r3.91 (~i _ 2.81 ] 
(I + ~) L \0.59+{/ J 

{->1; 
8~ 

{-<1; 
2(1 + ~) 

E%~,(thin-!ayer) = 

~->l; 0 
~-<1; ln~ 

variables, the calculated values of n, and the absolute per- 
cent deviation between the actual and calculated values. 
The majority of the data lie in the transition region be- 
tween the planar-electrode and thin-layer-cell limits, and 
as expected the slope and the intercept give an estimate of  
n to within the same percent deviation. Due to the weak 
functional dependence of the peak potential on the sweep 
rat~, the test for reversibility is best made by plotting the 
peak potentials as shown in the lower ordinate of  Fig. 4. 

Appreciable ohmic resistance with negligible axial  dif- 
fusion.--Irreversible kinetics.--When ohmic resistance is 
appreciable, the potential is axially dependent,  and the 
concentration and potential distributions must be deter- 
mined simultaneously. The effect of ohmic resistance on 
the vol tammogram when the kinetics are irreversible and 
axial diffusion is negligible was determined by simulta- 
neously applying Eq. [I0] and [13] with the pore divided 
into N segments. The current and potential in each seg- 
ment are average values which vary with the segment loca- 
tion, and the coupled N current and N potential equations 
were iteratively solved using the IMSL nonlinear equa- 
tion-solver subroutine DNEQNJ (22). The Filon algorithm 
(23) was used to perform the integration in Eq. [10], and a 
binomial averaging algorithm (24) was used to sum the in- 
finite series. The total current was obtained by summing 

Table V. The suggested manner to plot LSV data from a cylindrical- 
pore electrode for a reversible reaction in order to determine the 

number of electrons transferred. As an illustration, the agreement of 
simulation results with the empirical fit is presented assuming: n = 1, 

T = 298 K, d = 0.02 cm, L = 0.3 cm, C8 = 10 -S mol/cm 3, 
= 10 -s cm2/s, and 0.25 mV/s -< ~ ~ 1 V/s. With this data, cr ranges 

from 0.4 to 400. The "/V' symbol above the peak current and 
potential indicates what would be measured if ohmic resistance and 

axial diffusion were negligible, and the empirical parameter m is 
given in Eq. [21]. 

~p m V S  p-m/2 

Slope (3.14nFdLCg ~/nJ~I~(planar)) m 

Intercept~_>l [ 0"196n~fFd2LCS(l + ~!J m 

~-<~ ~ -J 

I%] n I%1 
(Slope) Dev. (Intercept) Dev. 

0.05 0.98 2 1.00 <1 
1 0.98 2 0.06 4 

20 0.99 1 0.99 1 

(6) ~ < 0.5 

the individual segment currents at each t ime step. 
In the limit of  -~ 1> =, Eq. [10] is independent  of "/. Fur- 

ther, for -/>- 10 the peak current calculated by simulta- 
neously applying Eq. [10] and [13] changed by less than 
0.1% with "t. Therefore, when axial diffusion is negligible 
the vol tammogram is not a function of-t for ~ -> 10; conse- 
quently, in the presence of appreciable ohmic resistance 
the vol tammogram is a function of A, ~, ~, and | (Fig. 1). 
Further, because A does not  influence the magnitude of  
the peak current  or the shape of the vol tammogram but 
only the position of the peak potential relative to the for- 
mal potential, ohmic distortion can be quantified by exam- 
ining the effect of ~, m and ~ on the quantities (I*,i~e,/~) 
and [ c c E * , i r r e v  - In (A/N/-~)]. 

In the absence of ohmic resistance, the peak current and 
potential are a function of  the product a~ with planar-elec- 
trode and thin-layer-cell behaviors occurring at large and 
small aa, respectively (Fig. 3). The degree to which O af- 
fects the vol tammogram in the limit of large and small ~ 
is seen in comparing Fig. 5 and 6. For approximately a 20% 
decrease in the peak current relative to the case where 
ohmic resistance is negligible (| = 0), a O value of 20 when 
c~ = 500 (Fig. 5) is half  that when a~ = 0.5 (Fig. 6). Increas- 
ing O by 2.5 from O = 20 to 50 and O = 40 to 100 in Fig. 5 
and 6, respectively, decreases the peak current in both 
vol tammograms by another 20%. Therefore, in the transi- 
tion from planar-electrode to thin-layer-cell behavior, O 
must  increase to obtain the same percent decrease in the 
peak current. Although the percent decrease in the peak 
currents of the middle  vol tammograms in Fig. 5 and 6 is 
roughly equivalent, a 53/na mV (T = 298 K) shift in the 
vol tammogram from the O = 0 curve is seen in Fig. 5 but 
only an 18/na mV (T = 298 K) shift is seen in Fig. 6. There- 
fore, the shift in the peak potential is less pronounced than 
is the decrease in the peak current in moving from planar- 
electrode to thin-layer-cell behavior. 

The vol tammograms plotted in Fig. 5 and 6 result from 
simultaneously solving Eq. [2] and [5] using the IMSL fi- 
nite-element solution PDE/PROTRAN (22) and then nu- 
merically integrating the Butler-Volmer kinetic expres- 
sion (Eq. [3]) along the pore wall using the IMSL 
subroutine DQDAGS (22) at each t ime step. The reason 
this solution procedure was used is that the nonlinear 
equation solver failed to converge when ohmic resistance 
was substantial (greater than a 10% decrease in the peak 
current relative to the O = 0 case). The finite-element solu- 
tion, however, is a function of ~ since the axial component  
of diffusion is included in Eq. [2]. In the next  section we 
will discuss the effect of axial diffusion on the vol- 
t ammogram and establish the criteria for which axial dif- 
fusion may be ignored. Unless otherwise stated, ~ is large 
enough that the vol tammograms reported in this section 
are independent  of  it. 
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Fig. 5. Illustration of the effect of ohmic resistance on the calculated 
cathodic linear-sweep voltammogram in a cylindrical-pore electrode as 
the parameter 0 is varied. The simulations result from simultaneously 
solving Eq. [2] and [5] using the finite-element numerical solution with 
A = 10 -4, a = 0 . 5 ,  ~ = 1.0, ~ = 1000, and ~ = 1000. Under these 
conditions the kinetics are irreversible, planar-electrode behavior is ap- 
proached, and axial diffusion is negligible. 
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Fig. 7. Illustration of the effect of ohmic resistance on the calculated 
cathodic linear-sweep voltammogram in a cylindrical-pore electrode as 
the transfer coefficient cr is varied. The solid curves result from simulta- 
neously solving Eq. [2] and [5] using the finite-element numerical solu- 
tion at (9 = 20 and ~ = 1000, and the dashed curves result from 
Eq. [13] for which O = 0. All curves are for A = 10 -4, ~ = 1.0, and 
(r = 1000. Under these conditions the kinetics are irreversible, planar- 
electrode behavior is approached, and axial diffusion is negligible. 

The  degree  to wh ich  a affects  the  ohmic  d is tor t ion  of  the  
v o l t a m m o g r a m  is seen  in Fig. 7 for a~ va lues  at wh ich  pla- 
nar -e lec t rode  behav io r  is approached .  The  dashed  cu rves  
in the  f igure are  t he  v o l t a m m o g r a m s  at (9 = 0 wh ich  are 
w e a k  func t ions  o f  a. However ,  the  decrease  in the  peak  
cur ren t  and the  shif t  in the  peak  potent ia l  in the  p re sence  
of  o h m i c  res i s tance  are s t rong  func t ions  o f  a. As expec ted ,  
o h m i c  d is tor t ion  increases  as ~ increases  s ince the  d imen-  
sional  cur ren t  increases .  

The  v o l t a m m o g r a m  is m o r e  sens i t ive  to ~ than  it is to (9 
as seen  by  c o m p a r i n g  Fig. 5 and 7. The  midd le  solid curves  
in these  two f igures are ident ica l  ((9 = 20 and a = 0.5), and 
the  effect  of  chang ing  e i ther  (9 or  a is obse rved  by no t ing  
the  pe r cen t  decrease  in the  peak  cur ren t  and the  shift  in 

0.140 

0 . 1 ~  

0 . ~ 0  

0 . ~  

0 . ~  

0 . 0 2 0  

0 . ~  

] i i i i i i 

= 4 0  

25.7 [,E;,~. - ~ (A/v~) ]  ( = v )  

Fig. 6. Illustration of the effect of ohmic resistance on the calculated 
cathodic linear-sweep voltammogram in a cylindrical-pore electrode as 
the parameter O is varied. The simulations result from simultaneously 
solving Eq. [2] and [S] using the finite-element numerical solution with 
A = 10 -4, a = 0.5, ~ = 1.0, (r = 1, and ~, = 1000. Under these con- 
ditions the kinetics are irreversible, thin-layer-cell behavior is ap- 
proached, and axial diffusion is negligible. 

the  peak  potent ia l  re la t ive  to these  curves.  Increas ing  (9 
f rom 20 to 50 (a 150% increase)  or  inc reas ing  a f rom 0.5 to 
0.8 (a 60% increase)  decreases  bo th  of  t he  peak  cur ren ts  by 
a p p r o x i m a t e l y  20% and  shif ts  bo th  potent ia l s  by  about  
55/na m V  (T = 298 K). 

A conven ien t  w a y  to quan t i fy  t h e  ef fec t  of  ohmic  dis- 
tor t ion  is to r e p o r t  the  quan t i t i e s  (I~,ir~e,,/~v~) and 
[ ~ E * i ~  - In (A/a)] re la t ive  to the  case w h e n  ohmic  distor- 
t ion and  axial  d i f fus ion are negl igible .  The  resul t ing  quan-  
t i t ies are  t he  normal ized  peak  cu r ren t  (ip/~p)i . . . .  and  the  
shift  in the  peak  potent ia l  ~(E* - E~)i . . . .  where  the  "/V' 
symbo l  indica tes  the  peak  va lues  tha t  wou ld  be  measu red  
i f  ohmic  res i s tance  and  axial  d i f fus ion were  negligible.  By  
sys temat ica l ly  vary ing  a, ~, and 0, it was obse rved  f rom 
the  calcula t ions  tha t  as a - ~  0% (ip/{p)i . . . .  and (E* - E*)i~v 
are p ropor t iona l  to ~/2| and as ~ ~ 0 bo th  are  propor-  
t ional  to ~ 2 ( 9 ~ .  An  unde r s t and ing  of  the  func t iona l  de- 
p e n d e n c e  of  o h m i c  d is tor t ion  on these  paramete rs  in the  
p lanar-e lec t rode  and thin-layer-cel t  l imi ts  m a y  be  ob ta ined  
by  e x a m i n i n g  the  m a g n i t u d e  of  the  decrease  in the  poten-  
tial dr iv ing  force a long the  l eng th  of  t he  pore.  The  local po- 
tent ia l  d r iv ing  force ~E* decreases  d o w n  the  pore  due  to 
the  solut ion current .  Therefore ,  t he  degree  of  ohmic  distor- 
t ion should  be  app rox ima te ly  p ropor t iona l  to the  p roduc t  
of  ~ t imes  the  character is t ic  potent ia l  drop  g iven  by the  
p roduc t  of  the  total  cur ren t  i and the  ohmic  res is tance  in 
the  pore  R~. In  the  p lanar-e lec t rode  l imi t  the  decrease  in 
t h e  d i m e n s i o n l e s s ,  potent ia l  dr iv ing  force can conse-  
quen t ly  be  wr i t ten  as 

~nf(i x R~)pl~ 
L 

--~ omf (nF~dLC~(anfu~)~2 X (d-~)~K ) [24]: 

wh ich  is p ropor t iona l  to a3/~(9. In  the  thin-layer-cel l  l imi t  
the  s a m e  a rgumen t s  resul t  in 

omf(i • R s ) t h m . l a y e r  

x L --->anf(n2fF~(d/2)2LC~av ~r(d/2)2K) [25] 

wh ich  is p ropor t iona l  to a2(9 ~v~. 
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Not  only  are these  two l imits  obse rved  at large and smal l  
~, bu t  the  t rans i t ion  in the  l imi t ing  funct iona l  d e p e n d e n c e  
o f  the  peak  cur ren t  on a, ~r, and O occurs  ove r  such  a nar- 
row a range  that  a s ingle plot  of  the  s imula ted  peak-cur-  
rent  data  m a y  be  ob ta ined  by d iv id ing  the  resul ts  into two 

regions.  T h r o u g h  trial and error, it was  found  that  ( i J  
ip)~v is p ropor t iona l  to a~20 to wi th in  +_-2% for a~ --- 1.75, 
and this rat io is p ropor t iona l  to a20 V ~  to wi th in  the  same  
accuracy  for ar -< 1.75. S ince  by des ign  ( i f i , ) ~  in these  
two reg ions  are  equa l  at ~ = 1.75, a plot  of  (ip/[,)~v as a 
func t ion  of  a s ingle  var iable  X ~ v  is poss ib le  as shown  in 
Fig. 8. 

In  order  to corre la te  (ip/~o)i~,v to a, or, and O, an empir ical ,  
th ree-parameter ,  least  squares  fit of  the  s imula ted  peak  
currents  shown  in the  upper  por t ion  of  Fig. 8 was used to 
p roduce  

(ip/~p)irrev = [(1.184 - 0.45 log Zirrev)  -7"0 + 1] -~n'~ [26] 

where  X~,~ is def ined in Fig. 8. I t  was obse rved  f rom the  
ca lcula t ions  tha t  the  t rans i t ion  in t he  func t iona l  depend-  
ence  of  ~(E* ~* - E , ) ~  on the  gove rn ing  pa ramete r s  be- 
tween  the  p lanar -e lec t rode  and thin-layer-cel l  l imits  oc- 
cur red  over  a wide r  ~ range  than  was  seen  wi th  (i,/i,)~e~. 
To corre la te  the  shif t  in the  peak  potent ia l  to the  govern ing  
parameters ,  an empir ical ,  two-parameter ,  least  squares  fit 
of  the  s imula ted  peak  potent ia l  resul ts  was used  to 
p roduce  

a(E* ^ * 
- E , ) ~  = a X ~ v  [27] 

where  

a = -5 .7  - 4.7 [28] 

1.00 

.~ 0.90 

.~  0.80 

0.70 

0.60 . . . . . . . . . . . . . . . . . . . . . . . . . . .  

---equatioa 27 %,,~. "%,5~ -30 A 

_< 1.75 a 2 0 ~  ~ -llO 
3 1  

-130 
0,01 0.1 1 10 

Xirre~ 

Fig. 8. The effect of ohmic resistance on the peak current and poten- 
tial for linear-sweep voltammetry in a cylindrlcal-pare electrode as a 
function of X~,~ (see figure for definition) when the kinetics are irrever- 
sible and axial diffusion is negligible. The peak values are normalized 
by the results when ohmic resistance and axial diffusion are negligible, 
as indicated by the "A" symbol. The "+"  symbols result from either si- 
multaneously applying Eq. [10] and [13] or from solving Eq. [2] and [5] 
using the finite-element numerical solution. The solid lines are the cor- 
relations that were fit to the peak values. The potential is for 
T = 298 K. 

and 

b = 0.27 + 0.58 [29] 

are empi r ica l  pa ramete r s  wh ich  were  found by least  
squares  fit of  Eq.  [27] to a(E* - ^ * E p ) i ~  for 20 va lues  of  Xi .... 
at  each  of  five va lues  o f  (xcr. The  func t iona l  d e p e n d e n c e  o f  a 
and b on ~r was ob ta ined  by us ing  the  empir ica l ly  k n o w n  
a and b va lues  at large and smal l  a(r, and pe r fo rming  a one- 
pa rame te r  least  squares  fit. Equa t ions  [26] and [27] were  
used  to d raw the  solid l ines in Fig. 8 and are seen  to fit the  
calcula t ions  well. In  order  not  to c lut ter  the  graph,  Fig. 8 
conta ins  only  peak  potent ia ls  at the  four  ind ica ted  va lues  
of  ~cr. 

The  var iab le  Xi~v reflects the  t rends  seen  in peak  cur- 
rents  and  potent ia ls  in Fig. 5-7. Fo r  instance,  w h e n  a de- 
creases  f rom 500 (Fig. 5) to 0.5 (Fig. 6), X~r,v is approxi-  
mate ly  cons tan t  at 7 by  increas ing  O f rom 20 to 40. At  a 
cons tan t  X ~ v ,  the  normal ized  peak  cur ren t  is constant ,  
bu t  the  shift  in the  peak  potent ia l  f rom the  O = 0 case de- 
crease  wi th  aa. In  Fig. 5 and 7, the  midd le  solid curves  are 
ident ica l  wi th  ~ = 0.5, (r = 1000, and O = 20 co r respond ing  
to a X L ~  = 7. Inc reas ing  O to 50 (Fig. 6) or a to 0.8 (Fig. 7) 
increases  X ~ .  to a p p r o x i m a t e l y  18 or 14, respect ively ,  
wh ich  cor responds  to a p p r o x i m a t e l y  a 35% decrease  in the  
peak  currents  and a l l 0 / n a  m V  (T = 298 K) shift  in the  
peak  potent ia ls  for bo th  v o l t a m m o g r a m s .  

The  " + "  symbols  r ep resen t ing  the  peak  values  in Fig. 8 
are for cr va ry ing  f rom 0.1 to 1O00, O f rom 0.01 to 300, and (~ 
f rom 0.1 to 0.9. T h e  sca t te r  in the  symbols  for a g iven  Xi~ev 
is due  ma in ly  to the  s l ight  func t iona l  d e p e n d e n c e  o f  (ip/ 
i p ) i~  on ~ for a~ > 1.75. In  this  region,  (ip/Zp)i .... goes  
t h rough  a m i n i m u m  at ~(r - 10 for a g iven  O wi th  (ip/ip)i~,~ 
be ing  wi th in  - 2% of  that  g iven  Eq.  [26]. Also,  the  peak  cur- 
rents  and potent ia ls  are r epor t ed  only for X ~  -< 20, s ince 
at that  po in t  the  peak  cur ren t  has  decreased  40% re la t ive  to 
the  case o f  no ohmic  resis tance,  and the  peak  potent ia l  
shif ted by  as m u c h  as 130/ha m V  (T = 298 K) wi th  the  peak  
spread  over  tens  of  inV. The  v o l t a m m o g r a m  shown in 
Fig. 5 for @ = 50 is app roach ing  this uppe r  limit,  and s imu- 
lat ing and pe r fo rming  L S V  b e y o n d  this  po in t  wou ld  be  of  
li t t le pract ical  use. 

M e t h o d o l o g y  to e x t r a c t  k i n e t i c  c o n s t a n t s  f o r  a n  i r r e v e r -  
s ib le  r e a c t i o n . - - T h e  goal  of  this w o r k  is to cons t ruc t  a 
m e t h o d  to ex t rac t  k ine t ic  cons tants  f rom L S V  measure-  
men t s  in a cyl indr ica l -pore  e lec t rode  as a m o d e l  of  a po- 
rous  e lectrode.  However ,  in order  to plot  the  data  as sug- 
ges ted  in Table  III, condi t ions  m u s t  be  such  that  axial  dif- 
fus ion m a y  be  ignored,  and  the  effect  of  ohmic  resist- 
ance  t aken  into account .  Ideal ly,  one  wou ld  opera te  in a re- 
g ion  whe re  axial  d i f fus ion is insignificant,  and  the  meas-  
u red  peak  cur ren t  ip wou ld  be  d iv ided  by (ip/~p)~rev (Eq. [26]) 
to ob ta in  i,. T h e n  a could  be  obta ined  f rom the  average  
va lue  of  t he  s lope and the  in te rcep t  of  a (v/~p) TM vs.  v ~176 
plot. However ,  t he  use  o f  Eq.  [26] requi res  the  k n o w l e d g e  
of  ~. H e n c e  an i terat ive p rocedure  is r equ i red  in wh ich  an 
va lue  is guessed,  Eq.  [26] is a~plied,  and the  data  analyzed 
via  l inear  regress ion  to de t e rmine  a n e w  ~ va lue  f rom the  
s lope and  in te rcep t  g iven  in Table  III. I f  a(guessed) # 
~(calculated) (where  a(calculated)  is the  average  of  a deter-  
m i n e d  f rom the  s lope and  the  in tercept)  t hen  the  guess  is 
changed  by se t t ing a ( g u e s s e d ) =  ~(calculated), and the  
process  is r epea ted  unt i l  a des i red  conve rgence  is 
achieved.  Once  the  a va lue  is de te rmined ,  the  s tandard  
rate  cons tan t  k ~ m a y  be  ob ta ined  f rom the  s lope or  inter- 
cep t  of  a (ve~E~,~rrev) 2~ VS. v 1~ plot  cons t ruc ted  as sugges ted  
in Table  I I I  in con junc t ion  wi th  Eq. [27]. 

The  i tera t ive  p rocedure  was  tes ted  by  choos ing  a set of  
sys tem variables ,  s imula t ing  e ight  v o l t a m m o g r a m s  by si- 
mu l t aneous ly  so lv ing  Eq. [2] and [5] us ing  the  finite- 
e l emen t  numer i ca l  solut ion and app ly ing  the  a lgor i thm 
sugges ted  above  to ex t rac t  the  k ine t ic  cons tan ts  f rom the  
s imula t ion  results.  F igures  9 and 10 s h o w  the  peak  cur ren t  
and  potent ia l  results ,  respect ive ly ,  p lo t ted  as sugges ted  in 
Table  I I I  before  and  after  the  resul ts  were  ad jus ted  to ac- 
coun t  for solut ion resis tance.  The  average  ~ calcula ted was 
0.412 which  is 3% h igher  than  the  actual  va lue  of  0.4, and k o 
was 1.05 • 10 -~ cm/s  wh ich  is 5.0% too high. Fo r  this  s imu- 
la ted data, X i ~  ranged  f rom 2.1 to 47 and cr ranged  f rom 
0.39 to 195, wh ich  is in the  t rans i t ion  reg ion  b e t w e e n  the  
p lanar-e lec t rode  and thin-layer-cel l  l imits.  The  s lope and 
in te rcep t  y ie lded  comparab l e  k ine t ic  constants ,  and in 
bo th  cases the  average  of  the  two  va lues  resul ted  in the  
best  es t imate .  The  scat ter  in k ~ is s ignif icant  and in prac-  
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t ice  t h e  u n c e r t a i n t y  in  k ~ wil l  p r o b a b l y  b e  g rea t e r  s ince  t he  
e x p e r i m e n t a l  u n c e r t a i n t y  in  t h e  p e a k  p o t e n t i a l s  is g rea t e r  
t h a n  t h e  -+ 1/n~ m V  (T = 298 K) u n c e r t a i n t y  in  t h e  s imula-  
t ions .  Howeve r ,  t h e  e r ro r  is of  t h e  s a m e  m a g n i t u d e  as t h a t  
a r i s ing  f r o m  L S V  o n  a p l a n a r  e lec t rode ,  a n d  t h e  r e s u l t i n g  
e s t i m a t e  of  k ~ is u sua l l y  suff ic ient .  

Revers ib le  k i n e t i c s . - - T h e  ef fec t  of  o h m i c  r e s i s t a n c e  on  t h e  
v o l t a m m o g r a m  w h e n  t h e  k i n e t i c s  are  r e v e r s i b l e  was  deter -  
m i n e d  b y  s i m u l t a n e o u s l y  so lv ing  Eq.  [2] a n d  [5] u s i n g  t h e  
f i n i t e - e l emen t  s o l u t i o n  p r o c e d u r e  a n d  n u m e r i c a l l y  in te-  
g r a t i n g  t h e  B u t l e r - V o l m e r  k i ne t i c  e x p r e s s i o n  a long  t he  
t u b e  wall .  A v a l u e  for  A was  c h o s e n  w h i c h  m e t  t h e  cr i te r ia  
for  r eve r s ib i l i t y  e s t a b l i s h e d  b y  M a t s u d a  a n d  A y a b e  (3) a n d  
H u b b a r d  a n d  A n s o n  (8) for  L S V  on  a p l a n a r  e l ec t rode  a n d  
in  a t h in - l aye r  cell, r espec t ive ly .  A A v a l u e  w h i c h  e n s u r e s  
r eve r s ib i l i t y  w h e n  o h m i c  r e s i s t a n c e  is neg l ig ib l e  is va l id  in  
i ts  p r e s e n c e  s ince  t h e  ef fec t  of  o h m i c  r e s i s t a n c e  is to de- 
c rease  t h e  local  r a t e -o f - change  of  t h e  p o t e n t i a l  in  t he  pore,  
f ac i l i t a t ing  e q u i l i b r i u m  c o n d i t i o n s  a t  t h e  p o r e  wall .  

T h e  f i n i t e - e l emen t  s o l u t i o n  w as  u s e d  b e c a u s e  t he  non -  
l i nea r  e q u a t i o n  solver ,  w h i c h  was  u s e d  in  c o n j u n c t i o n  w i t h  
Eq.  [10] a n d  [15], d id  n o t  c o n v e r g e  w h e n  o h m i c  d i s to r t i on  
c a u s e d  t h e  p e a k  c u r r e n t  to  d e c r e a s e  b y  m o r e  t h a n  2% f rom 
t h a t  o b t a i n e d  w h e n  so lu t i on  r e s i s t a n c e  is negl ig ib le .  T h e  
f i n i t e - e l emen t  so lu t i on  is a f u n c t i o n  of  ~/ s ince  t he  axia l  
c o m p o n e n t  of  d i f f u s i o n  is i n c l u d e d  in  Eq.  [2]. I n  t h e  n e x t  
s ec t ion  we  d i s cus s  t h e  e f fec t  of  ax ia l  d i f fus ion  on  t he  vol- 
t a m m o g r a m  a n d  e s t a b l i s h  t h e  c r i t e r ia  for  w h i c h  axia l  dif- 
fu s ion  m a y  b e  ignored .  U n l e s s  o t h e r w i s e  s ta ted ,  ~ is large  
e n o u g h  s u c h  t h a t  t h e  v o l t a m m o g r a m s  r e p o r t e d  in  th i s  sec- 
t i on  are  i n d e p e n d e n t  of  it; c o n s e q u e n t l y ,  in  t h e  p r e s e n c e  of  
s o l u t i o n  r e s i s t ance ,  t h e  v o l t a m m o g r a m  is a f u n c t i o n  of  ~, ~, 
a n d  O (Fig. 1). 

I n v e s t i g a t i n g  t h e  e f fec t  of  ~, ~r, a n d  O on  t he  v o l t a m m o -  
g r a m  was  c o m p u t e r  i n t e n s i v e  s ince  on ly  t h e  f i n i t e - e l emen t  
so lu t i on  was  used .  E v a l u a t i n g  t h e  ef fec t  of  t h e  in i t ia l  con-  
c e n t r a t i o n  ra t io  ~ on  o h m i c  d i s t o r t i o n  was  f u r t h e r  compl i -  
ca ted  b e c a u s e  t i m e  a n d  spa t i a l  r e s o l u t i o n  h a d  to i nc r ea se  
as ~ dec reased ,  s ince  t h e  c o n c e n t r a t i o n  a n d  p o t e n t i a l  gradi-  
en t s  b e c a m e  s teeper .  F o r  t h i s  reason ,  on ly  e x t e n s i v e  s imu-  
l a t i ons  w e r e  p e r f o r m e d  a t  ~ -> 100 for  w h i c h  t h e  p e a k  cur-  
r e n t  is less  t h a n  0.5% h i g h e r  t h a n  at  ~ ~ r162 T h e  r e su l t s  m a y  
b e  va l id  a t  l ower  v a l u e s  of~ s ince  a t  ~ = 20 t he  p e a k  c u r r e n t  
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Fig. 9. Calculated peak-current results for LSV in a cylindrical-pore 
electrode obtained by simultaneously solving Eq. [2] and [5] (~ )  and 
the results after they were adjusted to account for ohmic resistance 
using Eq. [26] (0) .  The following parameters were used in the calcula- 
tions: n = 1, T = 298 K, d = 0.02 cm, L = 0.3 cm, C8 = 10 -s mol/ 
cm3,~ = lO-Scm2/s, K = 0.1 (D," cm)-l,c~ = 0.4, k ~  10 Scm/s, and 
1 mV/s -< v ~ 500 mV/s. The inset lists c~ and the absolute percent de- 
viation from the actual value calculated from the slope and the inter- 
cept of the solid line, and the average of these two values. 
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Fig. 10. Calculated peak-potential results for LSV in a cylindrical- 
pore electrode obtained by simultaneously solving Eq. ]2] and [5] (0) ,  
and the data after it was adjusted to account for ohmic resistance using 
Eq. [27] (0) .  The same parameter set reported in the caption of Fig. 9 
was used. The inset lists k ~ and the absolute percent deviation from the 
actual value calculated from the slope and the intercept of the solid 
line, end the average of these two values. The average c~ value of 
0.412 calculated in Fig. 9 was used to plot these data. 

is  on ly  2% h i g h e r  t h a n  t h a t  a t  t h e  in f in i t e  ~ l imit ,  b u t  r e su l t s  
m u s t  b e  u s e d  w i t h  c a u t i o n  at  l ower  ~ s ince  a t  ~ = 5 a n d  1 
t h e  two  p e a k  c u r r e n t s  d i f fe r  b y  7 a n d  20%, respec t ive ly .  

B y  v a r y i n g  ~ a n d  O, i t  was  o b s e r v e d  f r o m  t h e  finite- 
e l e m e n t  ca l cu l a t i ons  t h a t  as ~ --* ~, (ip/~p)rev a n d  (E* - E~)~v 
are  p r o p o r t i o n a l  to  O, a n d  as ~ --+ 0 t h e y  are  p r o p o r t i o n a l  to 
O V~. S i n c e  t h e  N e r n s t  e q u a t i o n  is a p p l i c a b l e  at  t h e  elec- 
t r o d e  sur face ,  a n  u n d e r s t a n d i n g  of  t h e  f u n c t i o n a l  d e p e n d -  
e n c e  of  o h m i c  d i s t o r t i o n  at  t h e s e  two  sweep- r a t e  l imi t s  
m a y  b e  o b t a i n e d  b y  e x a m i n i n g  t h e  d e c r e a s e  in  t h e  po ten-  
t ial  a long  t h e  l e n g t h  of  t h e  pore .  T h e  m a g n i t u d e  of  t he  po- 
t en t i a l  d e c r e a s e  as p l a n a r - e l e c t r o d e  a n d  th in - layer -ce l l  be-  
h a v i o r  are  a p p r o a c h e d  are  g i v e n  in  Eq.  [24] a n d  [25], 
r e spec t ive ly ,  b u t  w i t h  t h e  ~ d e p e n d e n c e  e l imina ted .  

T h e  t r a n s i t i o n  i n  t h e  f u n c t i o n a l  d e p e n d e n c e  (ip/zp)rev on  
a n d  O b e t w e e n  t h e  two  s w e e p - r a t e  l imi t s  occu r s  ove r  a nar-  
r ow  ~ range .  A n a l o g o u s  to t h e  case  w h e n  t h e  k ine t i c s  are  
i r revers ib le ,  a f u n c t i o n a l  d e p e n d e n c e  of  (ip/{p)rev on  ~ a n d  @ 
m a y  be  e s t a b l i s h e d  b y  d i v i d i n g  t h e  r e su l t s  in to  two  cr re- 
gions.  T h r o u g h  t r ia l  a n d  e r ro r  i t  was  f o u n d  t h a t  (ip/{p)rev is 
p r o p o r t i o n a l  to  O for  ~ -> 3.5, a n d  p r o p o r t i o n a l  to  O ~ for  

<- 3.5, b o t h  to w i t h i n  -+3%. S i n c e  b y  d e s i g n  (ie/zp)rev in  
t h e s e  two  r eg ions  a re  e q u a l  at  a = 3.5, a p lo t  o f  (ip/ip)~r as  a 
f u n c t i o n  of  a s ing le  v a r i a b l e  X~ev is pos s ib l e  a n d  s h o w n  in 
Fig. 11. 

In  o rde r  to  co r re l a t e  (ip/{p)r~ to  ~ a n d  O, a n  empi r ica l ,  
t h r e e - p a r a m e t e r ,  l eas t  s q u a r e s  fit of  t h e  s i m u l a t e d  p e a k  
c u r r e n t s  was  u s e d  to p r o d u c e  

( ip/{ ,)~ = [(1.288 - 0.50 log  Xr~0 -7"~ + 1] -117"~ [30] 

w h e r e  X~e~ is de f ined  in  Fig. 11. I t  was  o b s e r v e d  t h a t  t he  
ca l cu l a t ed  d e p e n d e n c e  of  (E* - E~)re~ o n  t h e  g o v e r n i n g  pa-  
r a m e t e r s  b e t w e e n  t h e  p l a n a r - e l e c t r o d e  a n d  th in- layer -ce l l  
l imi t s  occu r s  ove r  a w i d e r  ~ r a n g e  t h a n  was  s een  w i t h  (ip/ 
{p)r~v. TO co r re l a t e  t h e  sh i f t  in  t h e  p e a k  p o t e n t i a l  to  t he  gov- 
e r n i n g  p a r a m e t e r s ,  a n  empi r ica l ,  t w o - p a r a m e t e r  leas t  
s q u a r e s  fit o f  t h e  s i m u l a t e d  p e a k  p o t e n t i a l s  was  u sed  to 
p r o d u c e  

(E* - E*)~v = aX~e~ [31] 

w h e r e  

a = -3 .2  - 8.2 [32] 
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Fig. 11. The effect of ohmic resistance on the peak current and po- 
tential for linear-sweep voffammetry in a cylindrical-pore electrode as 
a function of X,o~ (see figure for definition) when the kinetics are re- 
versible and axial diffusion is negligible. The peak values are normal- 
ized by the results when ohmic resistance and axial diffusion are negli- 
gible as indicated by the "/V' symbol. The "+"  symbols result from 
solving Eq. [2] and [S] using the finite-element numerical solution. The 
solid lines are the correlations that were fit to the peak values. The dot- 
ted lines are the correlations which were established for ohmic distor- 
tion in a thin-layer cell (25). The potentials are for T = 298 K. 

and 

b = 0.20 + 0.66 [33] 

are empi r ica l  pa ramete r s  wh ich  were  found by least  
squares  fit o f  Eq.  [31] to (E~ - E*)rev for 15 values  of  X~, at 
each  of  e ight  va lues  of  or. The  funct iona l  d e p e n d e n c e  of  a 
and b on ~ was obta ined  by us ing  the  empir ica l ly  k n o w n  a 
and b va lues  at large and small  or, and pe r fo rming  a one- 
pa rame te r  least  squares  fit. Equa t ions  [30] and [31] were  
used  to draw the  solid l ines in Fig. 11 and are seen to fit the  
calcula t ions  well. I n  o rder  no t  to c lu t te r  the  graph,  Fig. 11 
conta ins  on ly  p~,~k potent ia l s  at  the  three  ind ica ted  va lues  
o f m  

The  " + "  symbo l s  r ep resen t ing  (ip~p)rev in Fig. 11 are for 
va ry ing  f rom 0.5 to 500 and O f rom 0.01 to 300. The  scat ter  
in the  ca lcu la ted  ord ina tes  for a g iven  Xr~v is due  ma in ly  to 
the  s l ight  func t iona l  d e p e n d e n c e  of  (ip/~p)rov on cr for 
cr >_ 3.5. In  this  region,  (iv/~p)~ev goes  t h rough  a m i n i m u m  at 

--" 10 for a g iven  O wi th  (ip/~p)~ be ing  wi th in  +_3% of that  
g iven  by Eq. [30]. Also, peak  currents  and potent ia ls  are re- 
por ted  only for X~v -< 20 s ince at that  po in t  the  peak  cur- 
rent  has dec reased  40% re la t ive  to the  case of  no ohmic  
resis tance,  and the  peak  potent ia l  shif ted by as m u c h  as 
145/n~ m V  (T = 298 K) wi th  the  peak  spread over  tens of  
inV. S imula t ing  and pe r fo rming  L S V  beyond  this poin t  
wou ld  be  of  li t t le pract ical  use. 

Also shown  in Fig. 11 are the  corre la t ions  we es tabl ished 
in a p rev ious  publ ica t ion  for ohmic  d is tor t ion  of  L S V  in a 
th in- layer  cell  (25). S ince  Eq. [30] and [31] were  shown  to 
ho ld  for g as low as 0.5, they  should  be  val id  for thin- layer  
cells. H i n m a n  et al. (26) used  a res i s to r -ne twork  mode l  to 
s imula te  L S V  for revers ib le  react ion kinet ics  in a thin- 
layer  cell  to accoun t  for ohmic  dis tor t ion by  m a k i n g  two 
a s sumpt ions  in add i t ion  to the  ones  m a d e  in ob ta in ing  the  
resul ts  shown  in Fig. 11: (i) the  concen t ra t ion  and potent ia l  
are radial ly  uni form,  and  (ii) the  rate at wh ich  the  potent ia l  
changes  wi th  t ime  is un i fo rm th roughou t  the  cell  as set by 
the  sweep  rate. Us ing  the  same  set  of  a s sumpt ions  we  ap- 
pl ied a c o n t i n u u m  m o d e l  to the  th in- layer  cell  (25), and 
found that  the  normal ized  peak  cur ren t  was a func t ion  of  a 

s ingle var iab le  wh ich  in the  p resen t  nomenc l a tu r e  is O X/~. 
In  order  to plot  the  corre la t ion f rom the  thin- layer  cell  (25) 
in Fig. 11, a change  in var iab les  needs  to be m a d e  where  
@ X/~/3.5 = X .... 

The  corre la t ion  obta ined  for the  thin- layer  cell  (25) and 
Eq. [30] pred ic t  a p rec ip i tous  drop  in the  peak  current  as 
Xrev is inc reased  past  one, but  the  drop  is s teeper  in the  
p resen t  calculat ions.  Fo r  example ,  at Xrev = 10 the  peak  
cur ren t  ca lcula ted  f rom the  th in- layer  mode l  (25) is 17% 
h igher  than  that  ca lcu la ted  by numer i ca l ly  solving Eq. [2] 
and [5]. The  ca lcu la ted  radial  concen t ra t ion  and potent ia l  
gradients  w e r e  smal l  for smal l  ~; consequent ly ,  the  differ- 
ence  in the  peak  currents  p red ic ted  by  the  two mode ls  
m u s t  resul t  f rom a s s u m i n g  the  sweep  rate  is un i fo rm 
th roughou t  the  pore. As ind ica ted  by Eq. [19], the  local cur- 
ren t  is not  only  a func t ion  of  the  ax ia l -dependen t  potential ,  
bu t  it is also d i rec t ly  p ropor t iona l  to the  local rate of  
change  of  the  potent ial ,  dIEI/dt. Since  dlEI/dt de- 
creases  wi th  d i s tance  into the  pore, set t ing dIEt/dt 
e v e r y w h e r e  equa l  to the  sweep  rate  v overes t imates  the  
current .  S ince  the  peak  potent ia l  in a th in- layer  cell  in the  
absence  of  o h m i c  res is tance  is i n d e p e n d e n t  of  the  sweep  
rate, the  good  a g r e e m e n t  b e t w e e n  the  two  peak-potent ia l  
corre la t ions  at cr = 0.5 is not  surprising.  

Criteria for neglecting axial diffusion.--The correla t ion 
g iven  in the  p rev ious  sect ion were  ob ta ined  us ing  peak  
va lues  in wh ich  axial  d i f fus ion was a s sumed  negligible.  
The  degree  to wh ich  axial  diffusion affects the  vo l t ammo-  
g ram increases  as ~ or  ~/ d e c r e a s e ,  s ince the  s lower  the  
sweep  or  shor te r  the  pore, the  larger  is the  fract ion of  pore  
v o l u m e  that  will  be  affected by  mater ia l  diffusing into the  
pore. The  inf luence  o f  axial  d i f fus ion is also enhanced  as @ 
increases,  s ince the  reac t ion  b e c o m e s  more  nonun i fo rm  
and there fore  the  axial  concen t ra t ion  gradients  are 
steeper.  To i l lustrate  these  t rends,  (ip/~p)irrev and (E* - 

$ 
Ep)i~ev are p lo t ted  in Fig. 12 as a func t ion  of  ~ for three  
va lues  of  O and ~ /when  the  k inet ics  are i rreversible.  The  
symbols  resul t  f rom s imul t aneous ly  solving Eq. [2] and [5] 
wh ich  inc ludes  the  axial  c o m p o n e n t  of  diffusion,  and the  
solid l ines are the  peak  va lues  ob ta ined  by s imul taneous ly  
apply ing  Eq.  [10] and [13] in wh ich  the  axial  c o m p o n e n t  of  
di f fus ion is no t  t aken  into account .  No resul ts  are p lot ted  
i n  Fig. 12 for  O > 10 s ince  the  non l inear  equa t ion  solver  
wou ld  no t  conve rge  for ~ > 3.5. 

When  ohmic  res i s tance  is negl ig ib le  (@ = 0), axial  diffu- 
s ion is only  s ignif icant  i f  mater ia l  d i f fus ing th rough  the  
pore  m o u t h  cont r ibu tes  apprec iab ly  to the  cur ren t .  We see 
f rom the  u p p e r  ord ina te  in Fig. 12 that  at ~ -- 10, the  nor- 
mal ized  peak  cur ren t  is above  un i ty  at a p p r o x i m a t e l y  

= 50, but  at ~/= 1000 addi t iona l  cur ren t  due  to the  axial  
diffusion is no t  obse rved  even  at a = 1. The  s y m b o l s  and 
l ines do no t  exac t ly  co inc ide  at large ~ and ~, bu t  the  differ- 
ence  is less than  0.5% and is be l i eved  to be  due  to numer i -  
cal inaccuracy.  The  d e p e n d e n c e  of  the  peak  potent ia l  on % 
shown  in the  lower  ord ina te  of  Fig. 12, is less not iceable.  
The  di f ferences  b e t w e e n  the  symbols  and the  l ines are due  
to numer i ca l  inaccuracy  s ince  the  d i sc repancy  is approxi-  
ma te ly  equa l  to the  size of  the  potent ia l  s tep used  in the 
ca lcula t ions  (1/na m V  at T = 298 K). 

In  the  p resence  of  ohmic  resis tance,  axial  diffusion is en- 
hanced  due  to t he  n o n u n i f o r m  potent ia l  dis tr ibut ion.  The  
largest  potent ia l  dr iv ing  force occurs  near  the  pore  aper- 
ture  whe re  the  reac tan t  is replenished,  accen tua t ing  the  
n o n u n i f o r m  current .  F r o m  Fig. 12 we  see that  the  contri-  
bu t ion  o f  axial  d i f fus ion to the  peak  cur ren t  increases  as O 
increases  for a g iven  (r and  ~/. Fo r  example ,  at (r = 10 the  
d is tance  b e t w e e n  the  d i amonds  (~/= 10) and  the  squares  
(- /= 100) increases  as O increases .  The  m i n i m u m  in the  
peak  cur ren t  obse rved  at cr "- 10 and O = 5 and 10 is real  and 
no t  jus t  a numer i ca l  anomaly  s ince bo th  solut ion pro- 
cedures  indica te  the  t rend.  The  lack  o f  smoo thnes s  in the  
solid l ines connec t ing  the  peak  potent ia ls  at O = 5 and 10, 
and the  m i n i m u m  obse rved  at cr -- 500 and O = 5, is not  be- 
l ieved to be  real  s ince the  t rends  are wi th in  the  size of  the  
potent ia l  s tep used  in the  calculat ion.  

The  ex t ens ive  s imula t ions  r equ i red  to d e t e r m i n e  a de- 
ta i led quan t i t a t ive  effect  of  ~/ on the  v o l t a m m o g r a m s  
wou ld  be  ve ry  c o m p u t e r  intensive.  Also, the  resul ts  wou ld  
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Fig. 12. Illustration of the effect of axial diffusion on the peak cur- 
rent and potential for linear-sweep voltammetry in a cylindrical-pore 
electrode as a function ~ for three values of | and ~ when the kinetics 
are irreversible and c~ = 0.5. The peak values are normalized by the 
case where ohmic resistance and axial diffusion are negligible as indi- 
cated by the "A"  symbol. The symbols and solid lines result from simu- 
lations with and without the axial component of diffusion included in 
the calculations, respectively. The potential is for T = 298 K. 

b e  a f fec ted  b y  t h e  b o u n d a r y  c o n d i t i o n s  o n  t h e  concen t r a -  
t i on  field at  t h e  p o r e  ape r tu re .  F o r  t h e s e  t w o  reasons ,  s u c h  
a p a r a m e t e r  s t u d y  w as  n o t  c o n d u c t e d .  However ,  s imula-  
t i ons  w e r e  p e r f o r m e d  to e s t a b l i s h  a r u l e - o f - t h u m b  e s t i m a t e  
of  w h e n  axia l  d i f fus ion  m a y  b e  i g n o r e d  for  i r r eve r s ib l e  a n d  
r e v e r s i b l e  k ine t ics .  W h e n  t h e  k ine t i c s  are  i r r eve r s ib l e  a n d  
o h m i c  r e s i s t a n c e  is neg l ig ib l e  t h e  p e a k  c u r r e n t s  ca l cu la t ed  
w i t h  a n d  w i t h o u t  t h e  axia l  c o m p o n e n t  of  d i f fus ion  ag reed  
to w i t h i n  2% of  e a c h  o t h e r  as l ong  as a~  > 40/~/. T he  a b o v e  
c r i t e r ion  is va l id  in  t h e  p r e s e n c e  of  o h m i c  r e s i s t a n c e  for  
X~ev -< 1. F o r  Xir~v = 7, t h e  p e a k  c u r r e n t s  w e r e  i n d e p e n d -  
e n t  of  ~ to  w i t h i n  a n  e r ro r  of  2% for a a  > 120/% a n d  at  X~._ 
r~v = 35 t h e  a b o v e  c o n d i t i o n s  we re  sa t is f ied w h e n  
a a  > 400/~. Th i s  l a t t e r  c r i t e r ion  w as  e s t a b l i s h e d  be fo re  t h e  
l imi t  on  X ~ v  of  20 w as  se t  for  w h i c h  L S V  is n o t  r ecom-  
m e n d e d  s ince  o h m i c  r e s i s t a n c e  g ross ly  d i s to r t s  t h e  vol- 
t a m m o g r a m .  H o w e v e r ,  s ince  t h e  c r i t e r ion  is on ly  a guide-  
l ine,  i t  c a n  se rve  as a l ower  l imi t  on  a~  at  a g i v e n  ~ for 
n e g l e c t i n g  ax ia l  d i f fus ion .  T h e  p e a k  p o t e n t i a l  is less  af- 
f ec ted  b y  ~ ove r  t h e  p a r a m e t e r  r a n g e s  s t u d i e d  here ,  a n d  so 
t h e  l imi t s  e s t a b l i s h e d  to p r e v e n t  ax ia l  d i f fus ion  f rom af- 
f ec t ing  t h e  p e a k  c u r r e n t s  are  a d e q u a t e  to  e n s u r e  t h e  p e a k  
p o t e n t i a l s  are  n o t  i n f luenced .  

W h e n  t h e  k i n e t i c s  a re  r e v e r s i b l e  a n d  o h m i c  r e s i s t a n c e  is 
negl ig ib le ,  t h e  p e a k  c u r r e n t s  we re  i n d e p e n d e n t  of  ~/ to  
w i t h i n  a n  e r ro r  of  2% as l o n g  as ~ > 40/~/. T h e  a b o v e  cri ter-  
ion  is va l id  in  t h e  p r e s e n c e  of  o h m i c  r e s i s t a n c e  for  X~e~ - 1. 
F o r  Xr~v = 20, t he  p e a k  c u r r e n t s  w e r e  i n d e p e n d e n t  of  ~ to 
w i t h i n  a n  e r ro r  of  2 %  for a > 80/% w h i c h  se rves  as a lower  
l imi t  o n  ~ a t  a g i v e n  ~ for  n e g l e c t i n g  ax ia l  d i f fus ion .  Again ,  
t he  l imi t s  e s t a b l i s h e d  to p r e v e n t  ax ia l  d i f fus ion  f r o m  af- 
f ec t ing  t h e  p e a k  c u r r e n t s  a re  a d e q u a t e  to e n s u r e  t he  p e a k  
p o t e n t i a l s  a re  n o t  i n f luenced .  

We m a y  n o w  c o m m e n t  On t h e  ef fec t  ~ m a y  hax~e h a d  on  
t h e  k ine t i c  p a r a m e t e r s  d e t e r m i n e d  f r o m  Fig. 9 a n d  10. The  
t h r e e  l o w e s t  s w e e p  ra t e s  on  t h e s e  f igures  ~ for  w h i c h  
a a  = 0.16, 9.2, a n d  19.6 all c o r r e s p o n d  to Xirre v < 7. As a con-  
s e rva t i ve  b o u n d ,  w i t h  ~ = 30, t h e  s w e e p  ra te  m u s t  b e  s u c h  
t h a t  a~  > 120/30, w h i c h  is m e t  b y  t h e  las t  two  poin ts .  F o r  
t h e  o t h e r  five s w e e p  ra tes ,  Xi~ev r a n g e s  f r o m  7 to 12 requ i r -  
ing  t h e  c r i t e r ion  ~a  > 400/30 t o  b e  sat isf ied.  S i n c e  ~ is 
g r ea t e r  t h a n  20 for  t h e  five h i g h e s t  s w e e p  rates ,  all vo l t am-  
m o g r a m s  e x c e p t  t h e  f irst  a re  u n a f f e c t e d  b y  axia l  d i f fus ion .  
T h e  o n e  e x c e P t i o n  occu r s  a t  t h e  l o w e s t  s w e e p  ra te  w h e r e  

t h e  ac tua l  c u r r e n t  is 10% h i g h e r  t h a n  t h a t  g i v e n  b y  Eq.  [26]. 
Howeve r ,  t he  a d e t e r m i n e d  f r o m  Fig. 9 is u n a f f e c t e d  b y  t he  
e r ro r  in  t h i s  da t a  p o i n t  s ince  t h e  d i m e n s i o n a l  c u r r e n t  at  
t h i s  l o w e s t  s w e e p  is sma l l  c o m p a r e d  to t h e  c u r r e n t s  at  t he  
h i g h e r  s w e e p  rates .  

Summary  
A pore  in  a p o r o u s  m a t r i x  was  m o d e l e d  as a cy l indr ica l -  

po re  e lec t rode ,  a n d  t h e  m a s s  a n d  c h a r g e  c o n s e r v a t i o n  
e q u a t i o n s  we re  so lved  in  t h e  c o n t e x t  of  th i s  g e o m e t r y  
w h e n  t h e  p o t e n t i a l  a t  t h e  po re  a p e r t u r e  was  r a m p e d  lin- 
ear ly  in  t ime.  B o t h  ana ly t i c  a n d  n u m e r i c  t e c h n i q u e s  we re  
u s e d  to so lve  t h e  g o v e r n i n g  e q u a t i o n s  to  a c c o u n t  for  t h e  ef- 
fects  of  ohmic ,  mass - t r ans f e r ,  a n d  k ine t i c  res i s t ances .  As  
o u t l i n e d  in  Fig. 1, t h e  p e a k  c u r r e n t s  a n d  po t en t i a l s  ob- 
t a i n e d  f r o m  t h e  s i m u l a t e d  v o l t a m m o g r a m s  were  corre-  
l a t ed  to t h e  g o v e r n i n g  d i m e n s i o n l e s s  p a r a m e t e r s  w h e n  
axia l  d i f fus ion  was  negl ig ib le .  T h e  co r re l a t ions  w e r e  u s e d  
to e s t a b l i s h  a m e t h o d o l o g y  for  d e t e r m i n i n g  i f  t h e  r e d o x  re- 
ac t ion  k ine t i c s  are  i r r eve r s ib l e  or  r evers ib le .  I f  t he  r e a c t i o n  
is i r r evers ib le ,  t h e  s t a n d a r d  ra te  c o n s t a n t  a n d  t he  t r a n s f e r  
coeff ic ient  m a y  b e  e x t r a c t e d  f r o m  L S V  data ,  a n d  i f  t h e  re- 
ac t ion  is r e v e r s i b l e  t h e  n u m b e r  of  e l e c t r o n s  t r a n s f e r r e d  
m a y  b e  d e d u c e d .  Also  p r e s e n t e d  w e r e  t h e  cr i te r ia  for  
w h i c h  ax ia l  d i f fus ion  a n d  o h m i c  r e s i s t a n c e  m a y  b e  ig- 
nored .  

Tab le  VI  s u m m a r i z e s  t h e  co r r e l a t i ons  w h i c h  we re  de-  
ve loped ,  t h e  cr i te r ia  for  w h i c h  t h e  a s s u m p t i o n s  of  n e g l i g i -  
b le  axia l  d i f fu s ion  a n d / o r  o h m i c  r e s i s t a n c e  are  val id,  a n d  
t h e  p a r a m e t e r  r a n g e  over  w h i c h  t h e  co r re l a t ions  a n d  cri- 
t e r i a  w e r e  e s t ab l i shed .  T h e  cr i te r ia  c o r r e s p o n d  to t he  pa-  
r a m e t e r  v a l u e  at  w h i c h  t h e  a s s u m p t i o n  a f fec ted  t h e  p e a k  
c u r r e n t  b y  less  t h a n  2%. U n d e r  t h e s e  cond i t i ons ,  ax ia l  dif- 
fus ion  af fec ts  t h e  p e a k  p o t e n t i a l  b y  less  t h a n  1/nc~ a n d  
1/n m V  (T = 298 K) for  t h e  i r r eve r s ib l e  a n d  r e v e r s i b l e  ki- 
ne t ics ,  r espec t ive ly .  Howeve r ,  o h m i c  r e s i s t a n c e  can  sh i f t  
t h e  p e a k  as m u c h  as lO/no~ a n d  lO/n m V  (T = 298 K) in  t he  
i r r eve r s ib l e  a n d  r e v e r s i b l e  k ine t i c  l imits ,  r espec t ive ly ,  
e v e n  t h o u g h  t h e  p e a k  c u r r e n t  c h a n g e s  b y  on ly  2%. T h e  
sh i f t  in  t h e  p e a k  p o t e n t i a l  is a c c o u n t e d  for  b y  a p p l y i n g  
e i t h e r  Eq.  [27] or [31]. T h e  m e t h o d o l o g y  p r e s e n t e d  h e r e  to 
e x t r a c t  k ine t i c  i n f o r m a t i o n  s h o u l d  no t  re ly  o n  da ta  w h i c h  
lie ou t s i de  t he  p a r a m e t e r  r a n g e s  g iven  in  Tab le  VI. T h e  re- 
s t r i c t ion  of  y -> 10 is n o t  seve re  s ince  t h e  s h o r t e r  t he  po re  
t he  sma l l e r  is t h e  v a l u e  of  Xi~ev a n d  Xrev (see Fig. 8 a n d  11 
for t h e  def in i t ions) ,  a n d  t h e  less  is t h e  r e s u l t i n g  o h m i c  dis- 
to r t ion .  I n  t h e  a b s e n c e  of  o h m i c  r e s i s t a n c e  t h e r e  is n o  re- 
s t r i c t ion  b n  ~ as l o n g  as t h e  c r i t e r ia  for  n e g l e c t i n g  axia l  dif- 
fu s ion  are  met .  T h e  l imi t s  on  Xi~ev a n d  Xre v w e r e  se t  a t  a 
p o i n t  a t  w h i c h  o h m i c  d i s t o r t i o n  was  so seve re  t h a t  L S V  
w o u l d  b e  of  lf t t le p rac t i ca l  use ,  a n d  ~ -> 100 is in  t h e  r eg ion  
in  w h i c h  t h e  v o l t a m m o g r a m  b e c o m e s  i n d e p e n d e n t  of  th i s  
p a r a m e t e r .  U n l e s s  o t h e r w i s e  s ta ted ,  t h e  t heo re t i ca l  u p p e r  
a n d  lower  l imi t  o n  a p a r t i c u l a r  p a r a m e t e r  is in f in i ty  a n d  
zero, r espec t ive ly .  I n  p r ac t i c e  t h e  co r re l a t ions  cou ld  be-  
c o m e  inva l id  i f  s u c h  fac to rs  as doub l e - l aye r  cha rg ing ,  mi-  
g ra t ion ,  or  s ide  r eac t i ons  b e c o m e  a factor ,  all of  w h i c h  
we re  n o t  t a k e n  in to  cons ide r a t i on .  
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B~ 
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CR 
0 8  

L I S T  OF S Y M B O L S  
e l ec t rode  area,  c m  2 
coef f ic ien t  de f ined  b y  Eq.  [8] 
coef f ic ien t  de f ined  b y  Eq.  [9] 
c o n c e n t r a t i o n  of  ox id i zed  species ,  m o l / c m  ~ 
c o n c e n t r a t i o n  of  r e d u c e d  specieS, m()l /cm 3 
in i t ia l  c o n c e n t r a t i o n  of  ox id i zed  species ,  m o l / c m  3 
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Table VI. A summary of the correlations which were developed in this work, criteria for which the assumptions are valid, and the parameter 
range over which the correlations and criteria were established. Unless otherwise stated, the upper and lower limit on a particular parameter is 

infinity and zero, respectively. Xi,~ and X~e~ are defined in Fig. 8 and 11, respectively, and the other dimensionless parameters are defined in 
Table I. 

Irreversible Kinetics Reversible Kinetics 

Correlation equations: Correlation equations: Assume negligible 
axial diffusion (but Peak current--t7 and 26 Peak current--20 and 30 
with ohmic resistance) Peak potential--18 and 27 Peak potential--22 and 31 

/irrev <: a f t  > X r e  v ~ o" > 

Criteria for neglecting 1 40/? 1 40/? 
axial diffusion 7 120/? 20 80/? 

35 400/? 
Valid ? -> 10 ~ >- 10 

parameter range Xi~rev --< 2 0  Z r e  v < 2 0  

-> i00 

Assume negligible Correlation equations: Correlation equations: 
axial diffusion and Peak current--17 Peak current--20 
ohmic resistance Peak potential--18 Peak potential--22 

Criteria for neglecting: 
ohmic resistance Xirre v --< 0.53 Xr~ -< 0.91 
axial diffusion act > 40/~ a > 40/~ 

c~ 
c5 
c& 
d 

E 

E ot 

Eeq 
E* 

f 
F 
h 
i 

I 
I0 
I1 
I* 
J0 
k o 
L 
n 
N 
R~ 
R 
t 
T 
r 

V 
X 

Y 
Z 

Z 

init ial  concen t ra t ion  of  r educed  species,  mo l / cm 3 
Co/C5 
Ca~C5 
pore  d iameter ,  cm 
di f fus ion coefficient,  cm~/s 
d i f ference  b e t w e e n  the  e lec t rode  and  solut ion po- 
tentials ,  V 
formal  potent ial ,  V 
equ i l i b r i um potent ial ,  V 
d imens ion less  potential ,  nf(E - E ~ 
dimens ion less  potent ia l  w h e n  ohmic  res is tance 
and axial  d i f fus ion a r e  negl ig ib le  
f/RT, V -1 
Faraday ' s  constant ,  C/equiv  
in terva l  w id th  in in tegra l  app rox ima t ion  
total  current ,  A 
to ta l  cur ren t  w h e n  o h m i c  res is tance  and axial  dif- 
fus ion are negl igible ,  A 
cur ren t  dens i ty  at e lec t rode  surface,  A/cm 2 
zero-order  modi f ied  Besse l  func t ion  
first-order modi f ied  Besse l  func t ion  
d imens ion less  cur ren t  densi ty,  I/(nFC5 ~ /nJ~)  
zero-order  Besse l  func t ion  
s tandard  rate  constant ,  cm/s 
pore  length,  cm  
n u m b e r  of  e- in r edox  couple  
n u m b e r  of  divis ions  in pore  
ohmic  res is tance  of  pore, 
gas constant ,  J / (mol  �9 K) 
t ime,  s 
t empera tu re ,  K 
d is tance  f rom center  of  pore, cm 
v o l u m e  of  pore,  cm  3 
d imens ion less  pa rame te r  (see Fig. 8 and 11) 
d imens ion less  radial  coordinate ,  2r/d 
dis tance  f rom the  pore  aperture ,  cm  
d imens ion less  axial  coordinate ,  2z/d 

Greek  
C~ 

O 
K 

k n 0  
k n l  
h 
V 

(Y 

T 

ca thodic  t ransfer  coeff ic ient  
(n - 1/2)~/~ 
length- to-radius  ratio, 2L/d 
2nS~F fa/2L ~CS(v~ )l~/dK 
conduc t iv i ty  of  the  electrolyte,  (12 - cm) -1 
zeros of  ze ro-order  Besse l  func t ion  Jo 
zeros  of  f i rs t-order Besse l  func t ion  J1 
k~ u2 
sweep  rate,  dE~dr, V/s 
init ial  concen t r a t ion  ratio, C5/C~ 
d2nf,/4~ 
dimens ion less  t ime,  td2/4~ 

Subscr ip t s  
i r rev  i r revers ib le  k inet ics  
p va lue  at peak  of  v o l t a m m o g r a m  
q rev  quas i revers ib le  k ine t ics  
rev  revers ib le  k inet ics  
w va lue  at t ube  wall  
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