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ABSTRACT: A numerical method is presented for adjusting experimental current-potential
curves for the ohmic resistance corresponding to a secondary current distribution on a (rotat-
ing) disk electrode. The nonuniform current and potential distributions on the disk electrode
cause the electrolyte resistance itself to be a function of measured current. The method
described here is employed after the experiments are conducted and yields the Tafel slope as
well as adjusted values for current density and surface overpotential that apply to the center -
of the disk. This facilitates the comparison of the experimental data to those obtained using
- mathematical models of the rotating disk electrode that, in the secondary current regime,
* apply strictly only to'the center of the electrode. The Tafel slopes obtained agree to 'within 3
~mV/decade with standard techniques for ohmic correction such as current interruption
- because, at the high current densities where the ohmic correction is most significant, the
_ Tesistance correction approaches the primary resistance obtained by current interruption.
_ The Tafel slope values for the two methods differ most for solutions of low conductivity. The
- major advantages of the ohmic correction method described here are that ‘the experimental
condition is never perturbed and that the method indicates the extent to which the current
- distribution is nonuniform. o ' :
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N omenclature

a Constant in Tafel line equation defined in Eq 3
b Tafel slope, V/decade R
- F Faraday’s constant, 96 487 °C/equiv
I Total current, A

i Current density, A/m> ,
i Exchange current density of a freely corroding system, A/m?
i, Exchange current density, A/m> . |

n_ Number of electrons transferred in reaction
R Gas constant, 8.314 J/K-mole

r Radial position, m '
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r, Radius of a disk-electrode, m
SCE Saturated calomel electrode
T Temperature, K
o 'Apparent transfer coeﬂiment d1mens1onless :
B Apparent anodic or cathodic transfer coefficient (see also Eq 12)
. 6 Parameter defined in Eq 8
3. Concentration overpotenttal vV
. ns Surface overpotentlal v
ks Conductivity, S/m
-+ %, Ohmic potentlal drop, V.
P Potentlal V ‘ o

Subscripts _
) . a Anodic
“app Applied
avg Average
¢ Cathodic
corr Corrosmn :
oo Bulk condmon far from the electrode surface

Introductlon

The reactlon mechamsms governmg an electrochem1cal system are commonly 1dent1ﬁed
by comparing experimentally determined Tafel slopes or apparent: transfer coefficients with
“theoretical values” obtained from simplifications of specific reaction mechanisms. An
analysis of expenmental data must include a treatment of the contribution to the measured
potent1al of the electric resistance of the electrolyte a term thatfcan be 51gn1ﬁcant at large
currents or in dilute solutions of low conduct1v1ty A number of techniques are available
for making this correction. The ohmic contribution, for example, can be reduced but not
eliminated by placing the reference electrodes close to the working electrode. A disadvan-
tage of this approach is that exact placement of the reference electrode is critical, and uncer-
tainty in the electrode location can be a significant source of error. Another approach is to
place the reference electrode sufficiently far from the working electrode so that the distance
can be considered to approach infinity. This allows the ohmic contribution to the measured
potential to be calculated mathematically. Current 1nterruptlon can also be used to obtain
the ohmic contribution to the cell potential.

This paper describes a numerical techmque used by Lowry [I 2] to correct the polariza-
tion data for the ohmic resistance corresponding to a secondary current distribution on a
disk electrode. This procedure was suggested by Newman in his analysis of the current and
potential distribution on a rotating disk electrode [3,4]. The treatment presented here does
not require perturbatlon of the electrochemlcal system and takes into account the nonuni-
form current and potential d15tr1but1on present on a- dlSk electrode in the Tafel regime.
The analysis can therefore be used to determlne the extent to which the coupling of ohmic
and kinetic effects causes the current distribution on the electrode to be nonuniform. This
information could facilitate the interpretation of spatial variations of surface morphology
ofof electrode profiles after corrosion experiments. The use of this technique is restncted
to a disk electrode with a reference electrode located. infinitely far away and at currents
below values at wh1ch mass-transfer effects are seen Accurate values of solutlon conduc-
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tivity and disk radius are also needed. The Tafel slopes are estimated by an iterative pro-
cedure using data within the Tafel region, where the ohmic resistance typically cannot be
neglected.

A brief discussion of the use of polarization measurements to measure corrosion rates
and Tafel slopes is presented. The method is illustrated by analyzing data taken by Lowry
et al. [2] and the results are compared with those obtained from other ohmic compensation

methods.

Theoretical Development

The analysis of experimental data is usually based on a simplification of the general
Butler-Volmer kinetic expression. The discussion here follows the Butler-Volmer expres-
sion, a summary of Newman’s analysis of the secondary current distribution on a disk
electrode, and the numerical method developed for ohmic compensation.

Identification of Tafel Parameters

-The rate at which reversrble electrochermcal reactions proceed can be descrlbed by a
Butler-Volmer type equatron

_[ awF \ { aF N :
[ =1, exp RT"’ —exp| — prs J ‘ 1)
The current density i is the sum of the anodic and cathodic contributions where i, is the
exchange current density, «, and «, are the apparent anodic and cathodic transfer coeffi-
cients, respectively, and 7, is the surface overpotential. The kinetic parameters i,, «,, and
«, can be determined from experimental data through use of Eq 1. The exchange current
density is a function of the electrolyte composition adjacent to the electrode surface and is
large for reactions that are fast or reversible [5]. The surface overpotential provides the
driving force for the reaction and is a measure of departure from the equilibrium potentlal

®,,. For reversible reaction, <I>eq is given by the Nernst equatlon
Electrode kmeuc studres are performed by applymg an external potential <I>a,,p such that

Q::\DP = q’eq + 7’3 + (bo + Ne | : ' . o (2)

These potentials are measured relative to a known potential of a reference electrode such
as the saturated calomel electrode (SCE) The concentration overpotential 7. is due to
changes in concentration and conduct1v1ty at the electrode surface relative to the bulk. This
term can be neglected for currents sufficiently below the limiting current and will not be
treated in this work The ohmic potential drop &, is attributed to the solution resistance
and is a measure of the drlvmg force necessary to pass current through the electrolyte. At
,low current densrtres and close to the equilibrium potential, ®, is negligible; the contrary
is true at high currents. The obJectrve of the ohmic compensation techniques discussed
here is to identify the current—potentral characteristics of a given system in the absence of
this term.

When the surface overpotential becomes large either the anodic or cathodic current
dominates. Equation 1 reduces to an expression in which the surface overpotential
becomes linear w1th respect to the loganthm of the current density. This is called the Tafel
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polanzauon w1th1n this reglme is essentrally actlvatlon controlled ln the anodlc Tafel ,
region

C2303RT, (i\_ .. .
where
o = — 2.3O3RT10 ;
a} - aaF . g (4

and the anodic Tafel slope (in units of V/decaide) is given by |

b = 2.303RT
P
Analogous expressions for the cathodic Tafel region can be obtamed

Tafel extrapolations can also be applied to corrosion reactrons through the use of the
mixed-potential theory [6]. The basis of the polarization techniques found in the literature
[7-15] for evaluating kinetic parameters is that the current density for a corroding system
consisting of individual reversible reactions can be approximated by

i =y [exp (———-—-——2'3b03m) — exp (—_ ———-—2',3;,)3"‘) } , o @

where the surface overpotential is defined to be

and zm and <I>corr are the corrosmn current and corrosmn potentlal respectlvely These
potentials are likewise measured relatlve toa reference electrode the value of Doorr w1ll shift
accordingly with the choice of reference potential. The corrosion potential has a ‘value that
falls between the reversible potentials of the individual reaction pairs, and represents the
dynamic equilibrium state of the freely corroding system. The principal assumption inher-
ent in Eq 4 is that the major contributors to the overall current are the metal dissolution
reaction and the reduction of some electroactive spec1es For this approxrmauon to be
valid, & must be sufficiently far from the two reversrble potentlals [8] ;

- The techniques described in Ref 7 to 15 use current-potenual data in the pre-Tafel
,reglon The measurements are performed at low currents and close to fbco,,, where the ohmic
contnbutlon to the potentlal in Eq 5is neghgrble The expenmental data are fitted into Eq
410 yield values for Lcorrs bay b, and <I>corr The methods Mansfeld and coworkers [8—1 2] used
to analyze polanzatlon data, and Barnartt’s three-pomt method [13,1 4] and its variation
[15], do not require the assumptlon of a hnear polanzatlon curve near the corros1on
potential.

The Secondary Current Dlstrlbutlon ona Dlsk Electrode o

At large current densities, the contnbutlon of the ohmlc potent1a1 drop to the apphed
potential must be considered. The ohmic resistance is a function of the distance between
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the reference and working electrodes, the conductivity of the solution, and the geometry
of the working electrode. Experimental errors in the measurement of ohmic drop could be
reduced by setting the reference electrode at “infinity” with respect to the working elec-
trode. The ohmic resistance is 1nsens1t1ve to changes in the position of the reference elec-
trode when the latter is placed relatively far from the working electrode [3]. This simplifies
the experimental apparatus (that is, no Luggin capillary i is necessary) and allows some lee-
way on electrode placement.

A procedure for Ohmic potential drop correction was derived from Newman’s analysis
of the current and potential distribution on a disk electrode [3,4]. The current distribution
can be described as primary or secondary depending on the applied potential. The term
&,, can be neglected in Eq 2 when the applied potential is measured against a reference
electrode of the same kind as the working electrode. The concentration overpotential 7,
can also be neglected at high convection rates. Each of the remaining terms vary with radial
position to keep the ®,,, constant over the entire disk.

A uniform potential in the solution adjacent to the electrode surface is obtained when
both 7, and », are negligible. In this regime, the reaction rate constants are high and the
current distribution is determined by the ohmic drop throughout the solution. The primary
current distribution on an equipotential surface is 3

0.5,

-3V 6
V1 — (r/r.) (©)
and the primary resistance is given by
V 1
¥ = G, @)

where I represents the total current, ., is the solution conductivity, and 7, is the radius of
the disk electrode [3]. /

The secondary current distribution apphes when the surface overpotential cannot be
neglected and the current at a point on the electrode becomes a function of the potential
of the adjacent solution. The secondary current distribution under Tafel kinetics [4] is
presented in Fig. 1 asa function of radial posmon with ﬂé as the parameter where 0 is given
by

6= |iavgl -E'j:;‘i (8)

;and represents the dlmeuswnless average current dens1ty For solutlons with supporting
electrolyte, z is defined to be equal to — n, the number of electrons transferred in the reac-
tion. The term Bz is the apparent cathodic or anodic transfer coefficient a, or a,. The cur-
rent distribution is now determmed by the requirement that the current at any location
satisfy both Ohm’s law relating current to a gradient in potential at that location, and the
kinetic expression relating current to the local value of the surface potential. This is in
contrast to the primary case, in Whlch the local value of current density need only satisfy
Ohm’s law. The potentlal in the solution for both. primary and secondary distributions is
governed by Laplace’s equation. As —36 tends toward oo, the current distribution
‘approaches the primary distribution where the current density approaches infinity at the
d1sk edge and is equal to one-half the average current value at the center of the disk. As
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FIG. I—Secondary current distribution on a disk electrode for Tafel kmetzcs (Ref 4,
~reprinted by permzsszon of the publzsher The Electrochemzcal Soczety, Inc. )

— B8 approaches zero, the current distribution becomes uniform. This means that kinetic
limitations to the electrode reaction cause the current distribution to become more uni-
form and cause the potential adjacent to the electrode surface to deviate from a uniform
“value to overcome the tendency of current to favor the edge of the electrode [4,5].
One consequence of the nonuniform secondary distribution for the potential of the solu-
tion adjacent to the electrode is that subtraction of the ohmic correction for a primary
distribution apphes strictly only for a single radial position on the disk, and the location
of this position is a function of the average current density. One can, however, reference
the ohmic potential drop and the current density to values appropriate for the center of
the disk. This approach requires that the ohmic resistance be a function of the average
current dens1ty The primary ohmic potential drop is therefore corrected by a factor given
‘in Fig. 2 as a function of the ratio of the current density at r = 0 to the average current
density. This factor is equal to unity for the primary current distribution (where the poten-
tial of the solution adjacent to the disk is umform) and approaches 1. 273 when the current
dlstrlbutlon becomes uniform.
- If one could obtain the ratio i/i,,|,-, from Fig. 1, the apphed potential could be cor-
rected for the ohmic drop to obtain the surface overpotential at the center of the disk elec-
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trode, that is |

ns!r=0 + q)’corr’= ‘I)app —’¢o|r=0 (9)
or
I ® 4«1, ' R k
slr= q’con' = Papp — — ’
Mol o B0 = G, [ 1 o] (19)

where [ is the total current to the disk at an applied potential &,,, measured relative to a
reference electrode. The term in the bracket is the correction factor for the primary resist-
ance to the center of the disk electrode determined from Fig. 2.

The Numerical Method for Ohmic Compensation

Data bbtained from potentiostatic or potentiodynamic experiments may be corrected for
ohmic potential drop at the center of the disk to acquire the surface overpotential and
current density at r = 0 using the procedure derived from Newman’s treatment of the disk
electrode. Reliable estimates for the ohmic contribution can be obtained since the calcu-
lations are referenced to a radial position where the ohmic potential drop and current den-
sity are known. Ty
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i/iavgl r=0

FIG. 2—Correction factor for the primary resistance used to correct for the ohmic potential
drop to the center of the disk electrode under a secondary current distribution (Ref 4, reprinted
by permission of the publisher, The Electrochemical Society, Inc.).
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FIG. 3—Correction factor for the average current density used to obtain the current density
at the center of the disk electrode under a secondary current distribution.

Values for i/i,|,-o from Fig. 1 were plotted as a function of |1/85] to yield Fig. 3. This
plot shows that as |1/88| — 10 the current distribution becomes nearly uniform. Since

1 RTko

— =l 1
B8 BnFT iy, (1)

an expression for 8 can be related to the Tafel slope obtained from Newman’s expression
relating the current density to the surface overpotential. Therefore,

2.303RT
b= (12)
or ’
' 2.303RT ~ f
B=—"""F—7— (13)

bnF
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/—' Input potential-current data J :

[ Estimate the Tafel slope (mV/dec.), baJ
Calculate the current density at the center
of the electrode for each data point, ¢ |;=o0

Calculate the correction factor to the primary

resistance for each data point, ®,47f= |,_o

Calculate the surface overpotential on the electrode at r =0,

1 o I la 4 ( :
Ns ‘r:O +®corr = (I)app ™ Irokos [‘I)a'LQIAQ‘L Ir:O}' ’

|

| — | Plot (upp — @ o) iy (1 lrmo +®eorr)]
Set by, = by, w ! % ARt
: I:—_e:-’—:z, versus log ¢ |;=o ..., determine Tafel slope, kb,,,2

Is | ba, — ba, | < 0.01 7

/P1~i11t data: im,g‘, ®opps tr=0, and (75 |r=0 + ‘I)COTT)‘/

/ PIOt’ (”73 11':0 +'¢corr) VsS. log iT:O

FIG. 4—The flowchart describing the ohmic drop correction algorithm.

With
. I :
) lavg - 78'"‘2, ’ (14)
Equation 13 becomes
1 bkerr, . _
85 2.3031 -1

) The iterative procedtlrc used to obtain n,|,-o requires an initial guess for the Tafel slope
and calculation of the parameter 1/85 from Eq 15 for each pair of current-potential data.
The corresnonding value of i/i..|,-q is subsequently obtained from a discretized version



of Fig. 3. The correction factor for the primary resistance at the center of the disk electrode
is estimated from a curve-fit of Fig. 2, and the surface overpotential at r = 0 is calculated
from Eq 11. A new value for the Tafel slope is determined from linear regression of the
adjusted data plotted as (<I>ap,, ®,|,-0) [that is, (1,],-0 + Peorr)]versus log (i],-0)

where ‘

T 1
llr ° I:W’z] I:lavg ’=0J ( 6)
This procedure is repeateduntil tIfe error, criterion for the Tafel slope is achieved. A flow-

chart describing the algorithm is presented as Fig. 4. The computer program prepared for
this method is documented in Ref 1.

Experimental Results

The use of this ohmic correction program is illustrated here in the analysis of current-
potential data acquired potentiostatically for the dissolution of iron in deaerated acidic
chloride solutions [/,2]. These data are presented in Figs. 5, 6, and 7 for chloride concen-
trations of 0.1, 1.0, and 4.5 M, respectively, in aqueous solutions with their pH adjusted
with hydrochloric acid (HCI). The data points correspond:to potentiostatic data obtained
for individually pohshed electrodes held at the applied potentlal for between 15 and 45
min. The potential was measured relative to the saturated calomel electrode (SCE). These
data are also shown as corrected by the iterative technique developed here. The ohmic
correction procedure yielded a Tafel slope value of 39 mV/decade for the 0.1 M Cl~ sys-
tem, while the higher concentrations of 1.0 M and 4.5 M Cl~ gave values of 58 and 60 mV/
decade, respectively. These are consistent with reported results [/, 2].
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FIG. 5—Tafel plot for measured current density as a function of applied potential for the
corrosion of an iron disk in a 0.1 M CI~ solution with a pH of 2. (1, raw data, that is, aver-
aged current denszty as a function of measured potential; O, data corrected by the iterative
program, that is, current density as a function of overpotential appropriate for the center of
the disk electrode; and 1, averaged current density as a function of overpotentzal obtained by
a prlmary resistance correction, that is, the current-mterrupt method. '
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FIG. 7—Tafel plot for measured current density as a function of applied potential for the
corrosion of an iron disk in a 4.5 M CI~ solution with a pH of 2. Symbols as in Fig. 5.

The correction of data for the ohmic resistance by Newman’s method was compared to
that which would have been obtained by the current-interrupt technique. The ohmic drop
measured by the current-interrupt technique corresponds to the primary resistance of the
system being studied [16]. This is a consequence of the small time constant for the inter-
ruption, which does not allow time for the discharge of the nonuniformly charged double
~ layer assomated with a nonprimary current distribution. Therefore to estimate the correc-

~“tion for. the mterrupter technique, the primary resistance was subtracted from the applied
potentlal to give the surface overpotentlal and the measured current was d1v1ded by the



electrode surface area to get the average current density. The results of this correction to
the data are also shown in Figs. 5 through 7. The Tafel values based on the current-inter-
rupt method differ by only 3 mV/decade for the 0.1 M Cl- solution and the agreement
improves as the C1~ concentration increases. The difference is greater at lower conductiv-
ities because the ohmic solution resistance is larger under these conditions [16,17]. Close
agreement is seen because the Ohmic correction factor approaches one at the high current
densities at which ohmic resistance is most significant. The variation of the calculated cor-
rection factor for the primary resistance as a function of surface overpotentlal N5 | =0 1S pre-
sented in Fig. 8 for the three cases considered. The approach to a primary resistance at
large overpotennals (or currents) is most apparent for the more dilute solutions where the
ohmic correction is most important. At lower current densities the small total current
makes the ohmic portion of the applied potential negligible, hence the surface overpoten-
tial is determined largely by the applied potential.

A unique feature of this IR-correction method is that the current dlstnbutlon existing
on a disk surface can be inferred from the corrected polarization data. The value of
- ifine =0 at a given potential can be compared with those in Fig. 1. As this ratio approaches
1.0, a nearly uniform current distribution exists at the disk surface; nonuniformities at the
edge become dlscernable for i/i,,l,-0 <0.95. Increasmg solution conductivity makes the
current dlstrlbutlon more uniform over a wider range of surface overpotentlals as illus-
trated in Fig. 9. When employing disk electrodes for erosion-corrosion studies, it is impor-
tant to know whether the experiments are being performed in the region of uniform current
density to distinguish between the effects of fluid flow and the current distribution at the
apphed potential.
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FIG 8——Correctzon Jactor for the primary resistance used to correct Jor the Ohmzc poten-
tial drop to the center of the disk electrode under a secondary current distribution for A, 0.1
M CI~ solution [®,,,, = —570 mV(SCE)] O, 1.0 M CI- solution [®,,,, = —558 mV (SCE)];
" and O, 4.5 M CI— solution [®,,,, = —543 mV (SCE))(Fig. 5, 6, and 7, respectively). '
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FIG. 9—Ratio of the current density at the center of the disk to the average current denszty
i/iaglr=0 as a function of surface overpotentlal at the center of the disk electrode under a
secondary current distribution. Symbols as in Fig. 8.

This correction procedure requires accurate values for the solution conductivity and
electrode diameter. At the lower conductivities, such as those observed for the 0.1 M CI~
solution, the magnitude of the Tafel slope was strongly dependent on the value of the con-
ductivity. A variation of 0.0005 @ 'cm™" (4%) in k. caused a variation in the calculated
Tafel slope of as much as 20 mV/decade. At higher concentrations, small changes in the
conductivity had little influence on the Tafel slope. The conductlvmes used in the calcu-
lations presented here were obtained in independent expenments ;

The “tangent method” described by Asakura and Nobe [18] was also employed for the

“polarization data. The polarization data were fitted to a Tafel equation in which the surface
overpotential was mod1ﬁed by an ohmic term corresponding to a constant solution resist-
ance. The anodic Tafel slopes obtained (40 56, and 59 mV/decade for the 0.1, 1.0, and 4.5
M ClI™ systems, respectlvely) were comparable to those obtained through the iterative
calculations.

Conclusmns

The numencal techmque for correctmg polarization data for the ohmlc res1stance cor-
responding to a secondary current distribution on a disk electrode provides a useful tool
for the analys1s of expenmental data. The analysis is conducted after data are taken and
does not requlre the interruption of an expenmental condition. This technique is most
useful when it is desirable to account for the nonuniform nature of the current and poten-
tial distribution at a disk electrode surface. The referencing of corrected current-potential

" data to the center of the disk is convenient in comparing it with the results of one-dimen-

sional models of rotating disks, and the results of the correction procedure provide infor-
mation on the current distribution and the extent of nonuniformity across the disk elec-



trode. This information cannot be obtained from other ohmic potential compensation
procedures. As can be done with other ohmic correction techniques, the results of the cor-
rection can be used to obtain i, and &, through Tafel extrapolation of anodic and cath-
odic regions. The values obtained for Tafel slopes and corrosion current densities and
potentials agree closely with other ohmic correction techniques such as current
interruption.

The time required for calculation on a microcomputer is not excessive. Iterative treat-
ment of 3000 data pairs with a program written in interpretive BASIC 4.0 on an Hewlett
Packard-310 computer requires about 3 min, and the treatment of 25 data pairs requires
only a few seconds. The time required can be further reduced when the algorithm is rewrit-
ten in compiled Basic or Pascal. The use of this technique is restricted to the Tafel regime
for cases where the rotation speed does not influence the measured current at a given
applied potential and where the reference electrode is located far from the disk electrode.
Accurate values are also needed for solution conductivity and electrode diameter.
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