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Abstract

Nonuniform current distributions can complicate the interpretation
of kinetic rate measurements. This paper shows explicitly how nonuni-
formities affect measurements in the flow-channel cell. Results are
given for linear and Tafel kinetics. 1In addition to the appropriate
polarization parameter, the interpretation of data requires knowledge of
the ratio of the two characteristic lengths. and the - placement of. the
reference electrode. The analysis assumes that the ohmic potentialldrop
is subtracted from the measurements by the interruption of current and

that concentration variations are negligible.
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Introduction

It has long been recognized that a nonuniform reaction distribution
on an electrode can lead to difficulties in the interpretation of data
[1]. Tiedemann et al. quantified this observation for the case of
linear kinetic measurements on a disk electrode [2]. West and Newman
[3] gave results for the more complicated case of Tafel kinetiecs on a

disk electrode.

Measurements are also taken in the channel geometry. This geometry
is useful because it has well-characterized (but nonuniform) mass-

transfer rates. It may also be useful because of ease of construction.

The channel geometry has already been studied extensively; see

especially, papers by Wagner (4] and by Parrish and Newman [5]. The key

assumption of the analysis in this paper is that concentration varia-

, where i,. 1is

tions can be neglected, which implies that i < i 1im

avg lim
the average limiting current density. The validity of this assumption

can be tested easily by calculating i through knowledge of the tran-

lim
sport properties and the flow conditions.

This geometry also approximates popular cell configurations used to
study solid electrolytes. This analysis would be pérticularly applica-
ble to these systems since, if the electrolyte contains only one charge
carrier, concentration variations do not exist. It will also become
evident that this analysis is especially relevant to solid electrolytes
since their conductivities are often low (compared to aqueous solutions)

and, hence, ohmic resistances are high.



The analysis of the channel geometry is more complicated than the
analysis of the disk-electrode geometry because two characteristic
lengths, shown in figure 1, are important. The ratios, h/L, of 1.0,
0.5, and 0.0 are investigated. Small values of h/L are chosen because
small ratios tendvto make current distributions more uniform and tend to

reduce the ohmic drop of the cell.

It is assumed that the average surface overpotential is determined
by the interruption of current. Additionally, the working electrode is
assumed to be an anode, although the results can also be applied to the
investigation of cathodic reactions. The counterelectrode is assumed to
have the same kinetics as the working electrode, and the restrictiveness

of this assumption is shown.

The emphasis of the results is on the placement of the reference
electrode adjacent to the edge of the working electrode or very far from
the electrode. To determine what can be considered very far from the
working electrode, it is instructive to look at the primary potential
distribution along the insulator, which is shown in figure 2. Within
the resolution of the graph, the distribution for all three ratios of

h/L is identical.

Analysis’

The distribution of potential and current, in the absence of con-
centration wvariations, 1is governed by Laplace’s equation and the
appropriate boundary conditions. This analysis assumes that the working
and counter electrodes are in the same reaction regime and have ideAtih

cal exchange current densities and transfer coefficients. Details of
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Figure 1. Cell geometry, showing the two characteristic lengths, the coordinate
system, and possible reference electrode placements. ‘
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Figure 2. Primary potential distribution along the insulator, measured from the edge
of the electrode, for h/L =0, h/L = 0.5, and h/L = 1.0.



the solution procedure are given in the appendix.

In addition to the ratio of the characteristic lengths, it is
necessary to specify the ratio of the ohmic to kinetic resistances to
characterize completely how the data should be interpreted. Following

Newman [6], the additional parameter for linear kinetics is

(a +a )Fhi
J=—2_<c ° (1)
RTx !
and for Tafel kinetics,
a Fhi
5§ = 2 4V8 (2)
RTx :

A nonuniform potential distribution on the electrode complicates
the interpretation of data taken with the aid of a current interrupter
method. An apparent surface overpotential determined by this method is

given by [7]

Mg app =V = @07 = ®(0,h/2) + &(x,y), (3)
T

where &(x,y) 1is the potential of the reference electrode, and
5(0,h/2) - a(x,y)'is the change in potential after the interruption of

current and corresponds to the potential drop for a primary distribution

with the same average current density.

Linear Kinetics Results

The rate of a reaction occurring in the linear kinetics regime is

given by

TThe reference electrode is assumed to be the same kind as the
working electrode, but passes no current, and is in equilibrium with the
solution. »



b

)

_ lo(aa+ac)Fns (4)
I = — .
RT

where ng = V - &(x,h/2). Assuming that aa+aC is known, one can deter-

mine an apparent exchange current density by specifying that

lo,app(aa+ac)Fn

avg = RT

i $,app. (5)
Combining equations (4) and (5) gives

i

in
o _ _O's,app (6)
i i :
o,app avg

For a reference electrode adjacent to the edge of the electrode, equa-

tion (6) reduces to

15 - J'edge

- (7)
i i
o,app avg

Results obtained from equation (6) and the numerical procedure described
in the appendix are shown in figures 3 and 4 for various reference elec-

trode placements. Japp is introduced to facilitate the use of these

figures and is defined by
(aa+aC)Fh1

7 - ©,app (8)
app - RTx

Tafel Kinetics Results

The important parameter for the characterization of Tafel kinetics
is a dimensionless average current density. Since the proper interpré-
tation of the data changes with the polarization parameter, a Tafel plot
of data should not be expected to fall on a straight line, even if the
Tafel equation exactly describes the kinetics of the reaction. This com-

plicates the analysis for Tafel kinetics.



3.0 7]

25 JUSISaN

1.5

infinity

app

Figure 3. Correction factor for the exchange current density for linear kinetics for a reference
electrode placed adjacent to the working electrode and for one placed very far from the
working electrode.
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Figure 4. Correction factor for the exchange current density for linear kinetics, h/L =0,
and four reference electrode placements.
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Reaction rates described by Tafel kinetics are given by

aaFns
RT

(9

i =1 ex
o °XP
Since local current densities and local surface overpotentials are not

measurable, apparent kinetic parameters must be defined and should be

related to measured quantities:

a Fn a
i - i ] a,app s,app . (10)

avg o0,app *p RT

As West and Newman [3] discuss, a desired procedure for analyzing

data is to define more precisely io app as the apparent exchange current

density obtained when a line of slope RT/aaF is fitted through the
experimental data. It is, therefore, most interesting to report values

With this assumption, equa-

of i /i for the case of a =« .
o’ "o,app a a,app

tions (9) and (10) give
.io io aaFns,agg
7 =3 exp RT . (11)
o,app avg

For the case of a reference electrode adjacent to the edge of the work-

ing electrode, equation (1l1) reduces to equation (7). Results for vari-

ous reference electrode placements are shown in figures 5 and 6.

Before io can be obtained from i app’ it is necessary to know a_,
which can be determined from a :
a,app
rr MM avg |
a - & . (12)
a,app F dns app

Combining equations (11) and (12) gives

o dln(io/i )

- ©,app
a L+ dlné a_=a ’ (13)
a,app a a,app
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Figure 5. Correction factor for the exchange current density for Tafel kinetics, two
reference electrode placements, and two ratios of h/L.

30



12

— T A — 1 N
h/L = 0
4r o = 1
a  aapp
3r _
o L/2 +0.16h
&
S L
2
L
2 L/2 + 0.0675h =
L/2 + 0.3738h
1 iy
i | " i
0 10 20 30 40
)

Figure 6. Correction factor for the exchange current density for Tafel kinetics, h/L = 0,

and four reference electrode placements.
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where the right side of equation (13) is to be evaluated assuming that

a, =, app’ Equation (13) was evaluated by differentiating fourth-

degree polynomials which were fitted to logarithmic plots of the results
displayed in figures 5 and 6. Results are shown in figures 7 and 8,

where § is given b
app g y

a Fhi
a,a av (14)

’

6app - RTk
and is introduced to make easier the determination of a, from these fig-

ures,

Precisely determining io and o, from Tafel data can be difficult.

The procedure that one might take is outlined as follows:

1. Determine « from the slope of the data (ln i vs. n ).
a,app avg s,app

2. Calculate § from the value of i at which the "apparent" Tafel
app avg

slope was determined.

3. Obtain a from figure 7 or 8.
4. Determine io app from a line with the correct Tafel slope drawn

through the value of i used to calculate § ..

avg app
5. Use figure 5 or 6 to calculate io
Discussion
Figure 3 shows i /i for linear kinetics. As can be expected
o’ o,app

[2], the correction to io app can be much lower for a reference elec-

trode placed at infinity. Unfortunately, it is not always possible to
place the reference electrode far from the working electrode because the

ohmic potential may dominate the measurements.
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Figure 7. Correction factor for the transfer coefficient as a function of the
apparent dimensionless average current density for two reference electrode
placements and two ratios of h/L.
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Figure 8. Correction factor for the transfer coefficient as a function of the
apparent dimensionless average current density for h/L =0 and for various

positions of the reference electrode.
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For a reference electrode placed adjacent to the working electrode,
the errors are greater (for a given J) for the smaller ratio, h/L. This
result is surprising because a smaller ratio should decrease the neces-
sary correction. This apparent inconsistency is explained by realizing
that the choice of h in the definition of J is arbitrary, and perhaps L
would be a more physically significant length in describing the ratio of
the ohmic to kinetic resistances. This is indeed true as h/L — «. (h
was used in the definition of J because it is the important length in

the limit as hA/L — 0.)

Figure 4 shows io/io,app for linear kinetics and h/L = 0. For this
ratio, errors are always zero for a reference electrode placed at infin-
ity. Three intermédiate reference electrode placements are also. given.
These particular positions were chosen because they correspond to the
positions along the insulator where the primary potential difference,

a(O,h/Z) - a(x,h/Z), is twenty, forty, and eighty percent of

®(0,h/2) - &(=,h/2).

Figures 5 and 6 .show i /i for Tafel kinetics. As West and
o’ "o,app
Newman discuss [3], a Tafel plot of data can not be extended through
6 = 0 because the cathodic term of the Butler-Volmer equation becomes.
important. io app’ then, is determined by extrapolating a line of slope
RT/aaF through the Tafel portion of the data. A point near which the

data deviate from this Tafel slope determines the value of § which is

used to obtain the appropriate correction factor to i

0,app’
Figures 7 and 8 show a /a . As § —- 0, a =a for any
a’ “a,app a a,app
reference electrode placement. For a reference electrode placed adja-

cent to the edge of the working electrode, a = 2 as § — =, This

o 4
a,app
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is the same as the result obtained for the rotating disk electrode.
Smyrl and Newman [8] show that this result holds for any reference elec-
trode placed at the edge of a coplanar electrode and insulator. For any

other reference electrode placement, a = as § — =,

a

a - a,app

Results from West and Newman [9] can be used to show that, for a
reference - electrode placed next to an electrode/insulator edge,

aa/aa,app = 28/m as § — =, where B is the interior angle between the

electrode and insulator. Their results can also be used to show that,

o iZﬂ/ﬂ

as J — o, for a reference electrode
o o,app

placed adjacent to the edge. For Tafel kinetics, i « i 'i2ﬁ/"—l
o o,app ~avg

for linear kinetics, i
as

§ — o,

For all of the results in this analysis, it is assuﬁed that both
the counter and working electrodes are in the same reaction regime and
have identical values for the kinetic parameters. Figure 9 is meant to
indicate how restrictive this assumption is. Iﬁ shows io/io,app for a
reference electrode placed adjacent to the working electrode for Tafel
kinetics and for a counterelectrode with very fast kinetics, very slow

kinetics, and with identical kinetics to the working electrode. For

other reference electrode placements, the differences should be smaller.

Conclusions

Results are given for the interpretation of kinetic rate measure-
ments_taken in the linear and Tafel kinetics regimes. They indicate
that reference electrodes should be placed far from the‘ electrode.
Because the ohmic overpotential can dominate the potential measurements,

it is sometimes necessary to place the reference electrode near the
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Figure 9. Correction factor to the exchange current density for a reference electrode placed
adjacent to the working electrode for h/L = 0.5 and slow kinetics, identical kinetics, and
fast kinetics on the counterelectrode.
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working electrode.

A final observation worth noting is that uncertainty in the exact
placement of the reference electrode will cause greater uncertainties in
the interpretation of data for reference electrode blacements closer to
the working electrode. This is most obviously seen in figure 8 and can
be explained completely by figure 2, which shows that the largest

changes in potential occur near the working electrode.

Appendix

Boundary integral methods are useful for solving Laplace’s equation
[4], [10]. These techniques are discussed elsewhere [10], [11] and will
not be elaborated on. To facilitate the use of the numerical procedure,
the channel geometry was mapped conformally into the geometries shown in
figure 10. Newman [12], [13] followed a similar procedure, except that
he mapped the two electrodes so that they were coplanar (which is an
intermediate Schwarz-Christoffel transformation used in the conformal

mapping given here).

To solve for the current and potential distributions in the

transformed geometry, the. boundary conditions along the electrodes are

(for finite h/L)

de
gv—r = £(2) g,(v,), (15)

where f(@o) is given by the right side of equation (4) or (9), and

__~h 2 20k (16)
gv(vi) ‘w [cosh € - w ] ,

where
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Figure 10. Original and transformed geometries, showing the working and counter-
electrodes.
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— sinh[gf] (17)
and
L
€ =55 - _ (18)
v is related to w through
%
v=-{ dw . (19)

0 (wz—l)% (wz—coshze)l~2

For h/L = 0, the boundary condition along the electrode is given by

dad
ac, = £@) 8.5 (20)
and gt(tr) is given by
g.(c) = - 1 [1 - i ]* . (21)

t is related to z' through

t = sin_lexp[zﬁ—] . (22)
z' is related to the original coordinate system by a shift in the ori-

gin.

The advantage of using conformal mapping prior to the boundary
integral technique is that the mapping tends to provide automatically a
mesh spacing appropriate for a given geometry. It can also reduce the

time necessary for programming a new problem because many geometries can

be mapped into one.
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List of Symbols

F Faraday's constant, 96487 C/equiv

gt,g functions relating derivatives in the
transformed and original coordinate systems

h interelectrode distance, cm

. . 2

i current density, A/cm

. . 2

i exchange current density, A/cm

- e s X 2

iyim average limiting current density, A/cm

N J-1

J dimensionless exchange current density

L electrode length, cm

R universal gas constant, 8.3143 J/mol-K

T absolute temperature, K

t,v,w,z,z' complex coordinates

\Y . electrode potential, V

X,y cartesian coordinates, cm

x',y' modified coordinate system for h/L = 0, cm

a_ e, transfer coefficients

B interior angle between insulator and electrode,
radians

) dimensionless average current density

€ ratio defined by equation (18)

" surface overpotential, V

K specific conductivity, Q-]'cm_1
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by 3.141592654

o solution potential, V

3 primary solution potential, V
Subscripts

app apparent

avg average

edge electrode/insulator interface
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