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The validity of the general polarization curve equation
approximation for the process of metal deposition
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Abstract: Digital simulation was employed for the solution of the general pola-
rization curve equation of metal deposition processes. By approximating the
dependence of the exchange current density on concentration with a linear
function for one- and two-electron transfer processes, an error lower than 20 %
was obtained.
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INTRODUCTION

The general equation of the polarization curve for metal deposition process
according to Newman,! can be given as:

J=Jos (fa—Jc) (D
where j is the overall current density, f; and f; are defined as:
/A
fu=10"% (22)
_n
fo=10 "% (2b)

where b, and b, are the anodic and cathodic Tafel slopes, respectively, 7 is the
overpotential and j 5 is the concentration dependent exchange current density for
a surface concentration c¢s. The mathematical expression for the jos could be

given as:!
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where ¢g and ¢ are the surface and bulk concentration of the reacting metal ion,
respectively, jo is the exchange current density for a surface concentration equal
to the bulk concentration of the solution and the coefficient yis defined as:

r-th @
For a one-electron process of metal deposition:2
Met + e =Me (5
yis defined as:
y=1-p (6)

where fis a symmetry factor of the energetic barriers.
For a two-electron process,! assuming the first electron transfer is rate deter-
mining in the overall mechanism:

Me2++ e~ = Me* (slow) (7)
Me™ + e = Me (fast) (7a)
yis defined as:
2-p
=27 8
r== ®)

If yis not equal to 1, simple analytical solutions of the general equation of
the polarization curve in terms of formal kinetics are not available and different
numerical methods must be applied.

The aim of this work was to deduce whether the approximation of the value
of yequal to 1 could be applied for the solution of the general equation of the
polarization curve in a qualitative or quantitative manner.

RESULTS AND DISCUSSION

For one-electron transfer processes given by Eq. (5), it can be calculated that
the anodic and cathodic Tafel slopes have values of 120 mV/dec, while for two-ele-
ctron transfer processes given by Egs. (7) and (7a), the anodic and cathodic Tafel
slopes have values of 40 and —120 mV/dec, respectively.

On the other hand, surface and bulk concentration of the reacting metal ion
can be connected with current density using the following equation:

oL ©)
o JL
where j1 is the limiting diffusion current density (note: Eq. (9) is strictly valid
only in the case of forced convection, i.e., a stirred electrolyte, but many authors
use this equation for non-stirred conditions). By substituting c¢/co from Eq. (9)
into Eq. (3) and jj s from Eq. (3) into Eq. (1), the following is obtained:
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J= JO(I_J_J (fa fc) (10)
or.:

I JO( ](fa A (11)

JL JL JL

as the general polarization curve equation.
In the first approximation, assuming the value for y = 1, and with further
rearrangement, a simplified version of Eq. (10) is obtained:

jO(fa fc)

j: ]O(fa fo) (12)
JL
or:
j Ji(fa_fc)
AN AA (9
JL

Simplified mathematical treatments of Eqs. (12) and (13) are widely used in
qualitative, and in many cases in quantitative, discussions of metal deposition
and other electrochemical processes. It is again necessary to note that both equa-
tions are approximations because the value of y is not unity in many cases. Dif-
ferent numerical methods should be applied in these cases, as suggested pre-
viously.3

Hence, in this work, digital simulation was performed for one- and two-ele-
ctron transfer processes and £ = 0.5. Obviously, for a one-electron transfer pro-
cess, the values are as following: y= 0.5, f, = 107120 and £, = 10-7120_ while for
a two-electron transfer process y = 0.75, fo = 10740 and £, = 10-7/120,

The polarization curves calculated using Eqs. (11) and (13) for the ratio
between | jo/jr | = 10, 1 and 0.1 are shown in Figs. 1 and 2.

As can be seen from Figs. 1 and 2, the approximation of Eq. (11) by Eq. (13)
is acceptable for qualitative purposes at practically all overpotentials and ratios of
| jo/jiL |- On the other hand, quantitative approximation is valid only in the over-
potential region where the Tafel approximation could be applied.

The relative error, given as the percentage difference of the current density
between Eqgs. (11) and (13), is plotted as a function of the overpotential in Figs. 3
and 4.

From Figs. 3 and 4, it can be seen that the maximum difference between the
values of current density calculated using Eqs. (11) and (13) is about 20 % if y is
0.5 and about 9 % if y is 0.75.
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Fig. 1. Dependences of j/j; vs. —# cal-
U culated from Eq. (11) and Eq. (13),
using | jo/jp | = 10, 1 and 0.1, and y =1
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Fig. 2. Dependences of j/j; vs. —# cal-
e culated from Eq. (11) and Eq. (13),
0 using | jo/jr | = 10, 1 and 0.1, and y=1
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Fig. 3. Dependence |Aj/j| vs. (—n) from Fig. 1, for different | jo/j | ratios: a) 0.1, b) 1 and c) 10.
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Fig. 4. Dependence |Aj/j| vs. (—n) from Fig. 2, for different | jo/j; | ratios: a) 0.1, b) 1 and c) 10.

Hence, it can be concluded that approximation of the general polarization cur-
ve for the case of y=1 can be used in all qualitative and some quantitative esti-
mations with a maximum error lower than 20 % for the cases under consideration.
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U3BO/J
BAJIMJIHOCT JEJJHAUYMHE AITPOKCUMAILWJE OIIIITE TTIOJIAPU3ALIMOHE KPHMBE
3A TAJIOXKEE METAJIA

MPEAPAT. M. XXNBKOBUHh, BPAHUMMUP. H. TPTYP 1 KOHCTAHTHH. U. [TOIIOB
Texnonowko-meitianypuiku paxyaitieits, Ynusepauitieiti y beozpaoy, Kapnezujesa 4, 11120 beozpao

3a pelraBame jeHaYMHE OIIITE ITOJAPU3AMOHE KPUBE 3a MPOLEC TaOKeHha MeTalla IIpuMe-
BCHA je AUTHTAIHA CUMYyJialuja. ApOKCHMHUpajyhu 3aBUCHOCT I'YCTHHE CTPYje M3MEHE 07l KOHLICH-
Tpaluje JTUHeapHOM (QYHKIHjOM, 3a MPOLECce Ca jeTHOSICKTPOHCKHM U JBOCICKTPOHCKHM TPAHC-
(bepom oOujeHa je penaTuBHa rpelka Koja He npenasu 20 %.

(ITpumsbeno 15. jyna, peBunupano 28. centemopa 2007)
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