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The Mechanism of the Cadmium Electrode

K. E. Heusler and L. Gaiser
Max-Planck-Institut fiir Metallforschung, Stuttgart, Germany

ABSTRACT

Measurements of current-potential curves with solid cadmium in solutions
of cadmium perchlorate and barium perchlorate under stationary and tran-
sient conditions indicate that the electrode reaction proceeds via two con-
secutive charge transfer steps with adsorbed monovalent cadmium as the
intermediate. The rate constants and their dependence on potential and cov-
erage were calculated from the experiments.

The kinetics of dissolution and deposition of solid
cadmium in sulfate solutions has been investigated by
Lorenz (1,2). Results were in apparent agreement
with the assumption that the rate-determining step
is the charge-transfer reaction of Cd%t-ions with a
charge-transfer valence z = 2 and a cathodic transfer
coefficient a« = 0.45. The results have been quoted as a
clear verification of the theoretical relationships de-
rived for such a simple transfer reaction (3,4). How-
ever, the verification may have been only accidental
due to the limited experimental evidence.

A mechanism involving two consecutive transfer
reactions cannot be excluded, namely

k —_—
Cd2* + e = Cdag* [1]
kit
kg_
Cdygt +e = Cd [2]
k2+

Indeed, an analogous mechanism with monovalent
metal in the adsorbed state has been deduced from the
kinetics of the solid zinc electrode in perchlorate solu-
tions (5). Furthermore, measurements (6-12) at cad-
mium amalgam electrodes that yielded transfer co-
efficients close to o« = 0.25 assuming z = 2 point
toward the mechanism [1], [2]. In addition, Lorenz
(2) found o = 0.25 from measurements of transition
times for the deposition of solid cadmium at high cur-
rent densities.

In an attempt to achieve a clearer understanding of
the mechanism of the cadmium electrode, the present
study focused experimentally on measurements of
current-potential curves over a potential range greater
than 0.5V, variation of the concentration of cadmium
salt at constant ionic strength of the solution between
0 and 1.3M, and measurements of the time dependence
of the polarization. It is significant that all the experi-
mental facts on the kinetics of the cadmium electrode
from the present investigation as well as those of
Lorenz (1,2) are consistent with the consecutive
mechanism [1], [2]. Thus, a theoretical treatment of
an electrode reaction with two consecutive charge-
transfer steps is developed taking into account adsorp-
tion of the intermediate by generalizing the approach
of Gerischer and Mehl (13). The treatment includes
earlier considerations (3, 14-16) of the consecutive
mechanism as limiting cases.

Experimental

The electrodes were made from cadmium wire with
< 1 ppm of metallic impurities. The wire was insulated

with Teflon except for the part which served as the
electrode. The nearly hemispherical electrodes with an
area of about 1 mm? were renewed by heating the
Teflon to about 200°C, pulling out the wire, and break-
ing it with tweezers without touching the electrode
region. The electrode contained only very few grains.
The reference electrode for fast pulse polarizations
and the counterelectrode were made from the same
cadmium wire. The potential of the reference electrode
was measured against a saturated calomel electrode
(SCE) at room temperature. A saturated sodium
chloride solution separated the potassium chloride
from the perchlorate solutions in the cell.

Perchlorate was chosen because this anion does not
form complexes with the cadmium ion. Moreover the
activity of the cadmium salt can be made much higher
than for example in sulfate solutions, and no specific
interaction of the anion with the metal surface is ex-
pected. The supporting electrolyte usually was a 1M
barium perchlorate solution prepared from A, R. grade
barium hydroxide, perchloric acid and water triply
distilled from a dilute potassium permanganate solu-
tion. By adding a 1M cadmium sulfate solution, barium
ions were partially replaced by cadmium ijons. The
solutions were centrifugated in order to remove bari-
um sulfate. The ionic strength was kept constant (with
the exception of the 1.3M cadmium perchlorate solu-
tion). Usually the solutions were slightly acidic at
pH = 2 to 4. Sodium perchlorate solutions were also
used in some experiments.

Measurements were performed at 0°C in a cell form~
ing a loop in which the solution was rapidly circulated
with a magnetic stirrer. The working electrode was
polarized under galvanostatic or potentiostatic condi-
tions. A pulse generator and a potentiostat with rise
times =10-7 sec were used. The pulse heights and the
signals from the electrode were measured with a dual-
beam oscilloscope.

Results

Current-potential curves were obtained by polariz-
ing the cadmium electrode from its rest potential or
equilibrium potential to other potentials by potentio-
static pulses. After switching on the pulse, a current
transient with an almost potential-independent decay
time of v < 15 usec was observed. This decay corre-

sponds to the charging of the double layer capacity
(17,18) of 20 to 30 uF/cm? through the effective elec-
trolyte resistance Rg = 0.55 ohm cm?2 between the
working electrode and the reference electrode. Values
of Cp and Rg were measured independently by ap-
plying constant current pulses and observing the po-
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tential transients. All the potentials given below are
corrected for Rg - j using the respective experimental
values of the electrolyte resistance and of the current
density.

The double layer capacity did not change with the
height of the current pulse. When hydrogen evolution
was the only faradaic process, the transients were well
described by the relationship of Roiter et al. (3,19,
20). No significant frequency dispersion of Cp has
been observed which might be caused by the roughness
of the electrodes (21).

When dissolution or deposition of cadmium occurred,
under potentiostatic conditions a slower current tran-
sient followed after the first {ransient. The character-
istic time, v, of the slower transient was in the order
of 10-3 to 10~5 sec depending on experimental condi-
tions. The limit for the separation of the two transients
experimentally is given by the condition that v < .
After the decay of the second transient the current re-
mained constant for times of about 100t. If the dura-
tion of the pulse was made longer than about 100r,
the current increased until a new steady state was at-
tained.

Such long polarization was found to change the
effective surface area, leaving the mechanism of the
electrode reaction unaltered. These changes of the
effective surface area are produced by depositing or
dissolving layers of cadmium with an average thick-
ness of the order of 1 um. The steady-state surface
morphology is finally determined by processes of
positive or negative crystallization (22,23), that in
this paper will not be discussed further.

On the other hand, current-potential curves mea-
sured at times 3t < t <« 100t correspond to steady
states of the elecirode reaction on a surface of con-
stant morphology. In Fig. 1, steady-state current po-
tential curves are shown for different cadmium salt
concentrations. The potentials at zero current were
found to shift by 9e/9 log ccaz+ = 27 mV/decade in-
dicating that the equilibrium between cadmium and
cadmium ions was established. The equilibrium was
not appreciably disturbed by hydrogen evolution at
pH = 3 and ccg2+ = 10—3M. Current-potential curves
did not change with the pH-value of the solution. The
anodic curve was independent of the cadmium salt
concentration at overvoltages >60 mV. At high cur-
rent densities a constant Tafel slope of about 108 mV/

Current densily in [A/cm?]

-10 -48 -08 -07 ~06 -g5 -a4

Potential vs SCE i [V]

Fig. 1. Current-potential curves in the steady state of the elec-
trode reaction.

() 0.0089M Cd(ClO4)2 + 1.0M Ba(CIO,)-
{7} 0.45M Cd(CIO4)> + 0.55M Ba(Cl04)
at pH =~ 2.5 and 0°C.
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decade was found for both anodic and cathodic polari-
zations.

The reaction order, yca2+, with respect to the cad-
mium ions was obtained from current-potential curves
in solutions containing various concentrations of cad-
mium salt. An approximate value ycaz+ = 1 was taken
from those parts of the cathodic curves in which the
currents were much smaller than the current limited
by the diffusion of cadmium ions but much higher than
the exchange current at the equilibrium potential.
After correcting for diffusion polarization which
yielded substantial contributions only for cca2+ < 0.1M,
the more exact currents of Fig. 2 were obtained.
Within the limits of reproducibility, the reaction order
was found to be ycaz+ = 1.0 for ccaz+ <« 10~1M, but
for ccaz+ > 10—1M the reaction order appeared to drop
to about Yca2+ =~ 0.85. There was no dependence of
the dissolution rate of cadmium on the concentration
of cadmium salt.

The anodic current-potential curve was measured
down to very low current densities in solutions free of
cadmium salt. The low current densities changed more
rapidly with the potential than the high current den-
sities. Tafel lines with slopes of 40-50 mV/decade may
be assigned to the experimental points shown in Fig.
3. The cathodic Tafel lines in Fig. 3 with a slope of

T T —T Y T T T '/]

Current density in [A/em2]

,0-3 ] " PR 1 " |
1073 10-2 107 109
Concentration of Cd(Cl0,), in [mol 7]

Fig. 2. Current densities for deposition of cadmium ot different
concentrations of Cd(CIO,)2 in solutions containing Ba(ClO4)> to
maintain a constant ionic strength, at ¢ = —0.85V vs. SCE and
0°C. Each symbol corresponds to a run with a particular electrode.

Current densily in [A/cm?2]

-10 -09 -08 -07 -06 -05
Potential vs SCE in [V]

Fig. 3. Steady-state current-potential curves in 1M NaClO4 and
HCIO; to render () pH = 24, and ([J) pH = 1.6, at 0°C.
Arrows indicate diffusion limited current densities of hydrogen
evolution.
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about 115 mV/decade are due to hydrogen evolution
with the rate being nearly proportional to the hydro-
gen ion activity.

For a quantitative analysis of the potentiostatic
transients following the charging of the double layer
the differences between the current densities, j(t), at
different times and the stationary current density,
i(o0), were plotted logarithmically against the time as
shown in Fig. 4. An exponential decrease of the excess
current density, j(t) — j(«=), with time was only ob-
served when j(t) differed from j(oo) by 10% or less.
The current decay was faster than exponential for
large excess current densities. The effect is not caused
by interference with the charging of the double layer,
since it was observed even when the decay was very
slow. It was also present for small excess current den-
sities for which no significant corrections due to the
electrolyte resistance, Rg, were necessary. Actually,
any correction for Rg * j§ would enhance the effect.

For both cathodic and anodic overpotentials the
stationary state was approached from higher current
densities. The characteristic times, 1, taken from the
final exponential decay of the excess current density
on the cathodic side decreased for more negative po-
tentials and on the anodic side for more positive po-
tentials by about 108 mV/decade. The times of decay
were measured at overvoltages between about 0.1 and
0.25V in a region where corrections due to the reverse
reaction, to concentration polarization, ohmic drop, and
interference with the charging of the double layer ca-
pacity were rather small. The dependence of the ca-
thodic times of decay at constant potential upon the
concentration of cadmium salt are plotted in Fig. 5
on a double logarithmic scale. The decay times de-
creased almost preportional to the cadmium perchlo-
rate concentration.

At low cadmium perchlorate concentrations the
charging of the double layer capacity was so much
faster than the subsequent decay of the current that
the faradaic currents at times t — 0 after changing the
potential could be measured. The corresponding tran-
sient current-potential curves were found to be sym-
metrical with respect to the equilibrium potential. The
transient exchange current densities were about 0.5
A/cm? The absolute accuracy of such large values is
low due to the high Rg : j-correction. However, it was
possible to compare the transient exchange current
densities for different cadmium perchlorate concentra-
tions by measuring at the same electrode without
changing the geometry. A very small concentration de-
pendence of the transient exchange current densities
was observed as shown in Fig. 7.

Discussion
Considering the steady-state current-potential curves,
Vetter (3) has given the following individually suf-

10° : T ———

107 .

Relative excess current density

a5 10 15
Time in [msec]

3
L9

o

Fig. 4. Decay of relative excess current densities, [j(t) —
j(e0)1/i(e0), with time after switching from the equilibrium poten-
tial to negative overvoltages. (), e = —0.895V vs. SCE in 0.014M
Cd(Cl04)s + 0.99M Ba(ClOy4)g, ((]), ¢ = —0.848V vs. SCE in
0.15M Cd(CIO4)s + 0.85M Ba(ClOy)2.
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Fig. 5. Cathodic decay times at ¢ = —0.85V vs. SCE as a func-

tion of the concentration of Cd(CIQy)s in solutions of constant ionic
strength ot 0°C.

ficient criteria for the appearance of consecutive
charge transfer reactions: (a) extrapolation of the
anodic and cathodic Tafel lines toward the equilibrium
potential leads to two different current densities; (b)
the Tafel line changes its slope 9e¢/d In j from a small
value at low overvoltages to a large value at high
overvoltages; and (c¢) the sum of the apparent anodic
and the cathodic transfer coefficients o = RT3/nFoe
does not add up to the number n of electrons trans-
ferred in the over-all reaction (15), e.g., n = 2 for
the cadmium electrode, The experiments show that not
only one but all three criteria are fulfilled, except for
specific experimental conditions. Thus, it is safe to
conclude that a consecutive mechanism is operating.
Additional information on the mechanism may be de-
rived from the following theoretical treatment.

A consistent quantitative interpretation of the ex-
periments is impossible without considering the ad-
sorption of the intermediate. In deriving the following
general relationships it is taken into account that the
monovalent cadmium can only exist in the adsorbed
state. The rates of the charge transfer reactions [1]
and [2] in terms of current densities are given by

j1=kit(e) - f(8) — ki~ (e) * acaz+ * g(8) (31
and

j2=lat(e) - g(8) — ko~ (e) - f(0) [4]

with the rate constants kj2t (¢) = ki2t - exp [a1,2Fe/
RT] and kl,z— (e) = kl,z— - exp [—(1 —_ al,g)Fe/RT]
and the transfer coefficients a1, oy of the two steps [1]
and [2]. The potential ¢ refers to a constant reference
electrode like the SCE.

The influence of the relative surface coverage, ¢, by
the intermediate on the rates is expressed by the func-
tions

f(e) =0-exp[—-b(1—0)] [5]
and
g(0) = (1 —¢) - exp [—as] [6]

The desorption of monovalent cadmium proceeds at a
rate proportional to the coverage 4. It is assumed, con-
sequently, that the rate of adsorption is proportional
to the part (1 — 6) of the surface not yet covered.
Another effect to be considered is the dependence of
the rate constants upon coverage. To a first approxi-
mation, there is a linear dependence of the activation
energies of the charge-transfer reactions on the cov-
erage as suggested by Temkin (24). For the activation
energy E, of adsorption one writes

E,=E» 4+ aRT9¢ [7]
and for the activation energy Eq4 of desorption
Eqs=Ee+bbRT (1 —06) [8]
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There are two reactions of adsorption, anodic reac-
tion [2] and cathodic reaction [1]. It is assumed that
{7] holds for both reactions with the same potential-
independent interaction coefficient, a. The analogous
assumption concerning the coefficient, b, follows from
the fact that the coefficient, A = a + b, must be in-
dependent of the particular reactions [1] or [2], be-
cause A describes a thermodynamic quantity, namely,
the change of the adsorption enthalpy with coverage
at the equilibrium of the cadmium electrode.
The rates of dissolution or deposition of cadmium
are given by
i=d1+ i 91
The stationary state is characterized by j; = jz. After
elimination of either f(¢) or g(9) two equivalent
equations for the steady state current density, j(e),
are obtained

i) =2g(9) -
kit (e) - kat(e) — k1= (e) - ka~(e) * acaz+
kit (e) + k2~ (e)

[10]
and
i(w) =2F(0) *
kit (e) - kot (e) — ki~ (e) - k2= (e) - acaz+
k1= (e) * acaz+ + kot (e)

The adsorption isotherm describing the dependence of
the steady-state coverage on potential and cadmium
ion activity follows from [5], [6], [10], and [11]

[
1—9

{11]

exp [ad — b(1 — 8)]

ki~ (e) * acaz+ + ko (e)
= [12]
kit (e) 4 ko= ()

At large positive potentials both anodic rate constants
become much larger than the cathodic rate constants.
Then, as one can easily show, the potential dependence
of the rate is given by 3/3 = RT/aF if kit (e)
<< kat(e) or by 8/8 = RT/aF, if kit(e) >>
kg"' (6) For k1+(e) == k2+(€) and al*ag the slope of
the Tafel line depends on the potential. Analogously,
at large negative potentials the Tafel slope is 9¢/d In j—
= RT/(1 — &)F for ki—(e) acaz+ >> ks~ (e) and
de/d In j— = RT/(1 — a)F for ki~ (e)aca+ <<
k2~ (e). The earlier statement (3, 14, 15) that the Tafel
slopes at high overvoltages are determined by the
transfer coefficients of the respective preceding reac-
tion step does not hold when considering adsorbed
intermediates. Experimentally, it was found that 9
In j=/8 = 2F/RT on both the cathodic and anodic sides.
One concludes that «1 = ag = 0.5 within the limits of
experimental accuracy of at least =10%.

If at acqz+ - 0 the cathodic current density for the
deposition of cadmium becomes negligible, at negative
potentials ks~ (¢) must become large compared to
kit (e). In this case, the equilibrium [2] is not appre-
ciably disturbed by the anodic dissolution of cadmium;
the coverage, ¢, depends strongly on the potential;
and the Tafel slope is de/d In j+ = RT/(1 + «)F. This
behavior is in good agreement with the anodic current-
potential curve of Fig. 3.

On the other hand, it follows from [12] that for
acq2+ —> 0 the coverage approaches ¢_ — 0 at negative
potentials, and therefore g(6—) > 1. As long as the ac-
tivity of cadmium ions is small enough, [1 — g(6-)]
<< 1, and the current density, j_, at constant potential
stays proportional to the activity, acaz+, as is deduced
from [10]. The current density, j—, increases less than
proportional to the activity of cadmium ions as soon
as g(6-) deviates from unity appreciably. For very
high activities the coverage may approach its limiting
value 9_ —» 1, or [1 — f(6-)] << 1. Under this con-
dition, the rate of deposition is independent of the ac-
tivity, acqz +, according to [11].
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The activities and the concentrations of the cad-
mium ions are proportional to each other, since the
experiments were done at constant ionic strength and
since the activity coefficients of cadmium perchlo-
rate and barium perchlorate solutions are nearly equal.
For the purpose of the following numerical calcu-
lations it suffices to refer to concentrations.

From the measurements at low concentrations Fig.
2 yields the rate constant k1~ = j— () /2ccg2+. Ex-
trapolating to high cadmium salt concentrations, one
obtains g(9-) = j_(e0)/2ki~ + ccaz+. At the highest
concentration cca2+ = 1.3M a value of g(6~) ~ 0.5 was
found. A definite value of the interaction coefficient, a,
cannot be calculated from such small deviations of
g(#_) from unity. One finds that, qualitatively, k.~ >
k1~ + ccaz+ up to the highest concentrations.

An important step in calculating the six unknown
parameters a, b, k;+=, is the consideration of the de-
pendence of the cathodic decay times on the concen-
tration, ¢ca2+, shown in Fig. 5. Generally, the tran-
sient currents flowing after switching from the equi-
librium potential to another constant potential are
given by [9] inserting [3] and [4] and the change
of coverage with time which may be calculated from
[13]

Q - do/dt = [ki1—(e) - acae+ + ket ()1 g(8)
— [kit (e) + ko~ (e)]1 f(8) [13]

where @ is the charge necessary to cover the bare
cadmium surface completely with monovalent cad-
mium. Equation [13] describes how the steady state of
[12] is approached from the equilibrium coverage 6,
at t - 0. Due to the complicated nature of the func-
tions f(¢) and g(#) an exponential decay of the cur-
rent is generally not to be expected. The decay should
be faster than exponential as long as 6 changes rapidly
at small times after a potential step. Such a behavior
was observed experimentally. However, if either ¢ or
(1 — ¢) are close to unity or if ¢ is close to its steady-
state value, the variation of the exponential terms of
[5] and [6] with # can be neglected. The coverage then
changes, as if the isotherm were of the Langmuir-type.
The excess current densities decay almost exponential-
ly according to the solution derived by Gerischer and
Mehl (13)
i(t) — 3§ t
M = exp — — [14]
i* — i) T

The current density, j*, is obtained by extrapolation
to t = 0 of the exponential decay, but it is not the true
transient current density for t - 0. The decay time, 1,
is given by

Q/t == [ki~(e) *acaz+ + k2t (e)] exp [— as]
+ [kit(e) + ka=(e)] exp [—b(1—0)] [15]

In [15], the rate constants are corrected for their de-
pendence on the coverage. By definition, the rate con-
stants, ki+ and k,—, correspond to 4 = 1 and the rate
constants, ki~ and kxt+, to 9 = 0.

The reciprocal, cathodic and anodic decay times at
high overvoltages were found to change with the po-
tential in the same way as the rate constants, in agree-
ment with [15]. Decay times are determined by the
fastest of the rate constants. Cathodic decay times are
expected to be independent of the activity, acaz+, at
low activities and proportional to the activity at high
activities. From Fig. 5, it follows that k;—(e) : ccaz+ *
exp [—ad] apparently surpasses ks~ (e) -exp [—b
(1 — 8)] even at relatively low concentrations, cca2+.
On the other hand, rather small deviations of g(¢-)
from unity are calculated from Fig. 2. Both the ex-
periments of Fig. 2 and 5 are compatible, only if b > a.
However, a whole set of interaction coefficients does
agree with the two experiments almost equally well.

The ambiguity is completely removed by consider-
ing the interdependence of the cathodic and the anodic
rate constants, Thermodynamics requires ki* (e) -
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ket (e) = ki=(e) + ka—(e) - acaz+ at the equilibrium
potential, ¢ = ¢. A second condition to be fulfilled is
that from its constant value at positive potentials,
f(#+) must begin to drop rapidly as soon as the po-
tential gets more negative than about ¢ = —0.6V vs.
SCE, because of the increasing steepness of the anodic
current-potential curves shown in Fig. 1 and 3. The
two conditions can be fulfilled with a well-defined pair
of interaction coefficients only. The selection of a pair
of interaction coefficients with a large value of A =
¢ + b leads to a large rate constant, k»—, and a large
product, ki * (&) * k3t (,). From the Tafel line at high
anodic overvoltages and constant coverage, 64, the
individual values of k1% (¢) and k:t (¢) are obtained.
In the case of too large values of A, the calculated
anodic current-potential curves are found to increase
their slope at too negative potentials.

By successive approximation the parameters for op-
timal description of the experiments were obtained.
The resulting interaction coefficients are ¢ = 0 and
b = 10. This indicates that the lateral interaction of
the adsorbed monovalent cadmium only affects the
activation energy of desorption. The rate constants at
e = —0.T7V vs. SCE are k;+ = 10—3 [A/cm?], k;— = 38
[A cm/mol], ket = 17 [A/cm?], and k.~ = 8.0
[A/cm?]. Using these parameters the solid lines in
Fig. 1, 2, 3, and 5 were calculated.

With slightly more divergent interaction coefficients
such asa = —1 and b = 12, a good fit of the concen-
tration dependence of the cathodic decay times is also
obtained. However, the rate constants are left almost
unchanged by such small changes, and there is very
little effect on the general form of the current-potential
curves.

The current-potential curves measured by Lorenz
(2) for overvoltages «0.1V coincide with the calcu-
lated curves as well as the measurements in Fig. 1.
However, the current densities observed in the earlier
work are displaced to lower current densities by a
factor of about two. This may be due to an inhibiting
effect of the sulfate solutions as compared to the per-
chlorate solutions (11). The inhibiting effect of sulfate
should be even larger than just estimated: the mea-
surements of Lorenz (2) were performed at 20°C, the
present ones at 0°C. According to the present results,
the apparent symmetry of the current potential curves
at potentials between ¢ = —0.6V and ¢ = —0.8V vs.
SCE is due to the similar influences of k:— on the
anodic rate and of k;t on the cathodic rate.

From the rate constants one may evaluate the cov-
erage as a function of the potential using (12). The
coverage changes between the potential independent
values, 9. at very positive potentials, and ¢_ at very
negative potentials, with the equilibrium coverage, 4,,
in between. The coverages, §— and 4, depend on the
concentration of cadmium perchlorate as shown in
Fig. 6. The coverage, 4_, is almost proportional to
the concentration for ¢- < 0.1 corresponding to
ccaz+ < 10—2M, The equilibrium coverage is almost
proportional to the logarithm of the concentration in
the range plotted in Fig. 6. The coverage, 6+, naturally
is independent of the concentration and has a value
close to unity because k1*+ << k2*. From the equilib-
rium coverage, the steady-state exchange current den-
sities, jo (), were calculated using [16]

kit (&) - ka¥ (&)

jo(00) = 2 f(6,)
Jotee ! ki~ (eo) " acaz+ + ko™t (&)

[16]

or any other of the four equivalent equations to be
derived from [10] and [11] for j(ec) = 0. In Fig. 7,
the steady-state exchange current densities are plotted
as a function of the concentration, ccaz+, along with
Lorenz’s experimental results (2) derived from the
equilibrium polarization resistance. The slopes of the
two lines are exactly the same. The displacement by
a constant factor is the result of the different experi-
mental conditions, as mentioned above.
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Fig. 7. Steady-state and transient exchange current densities,
joloc) and jo(0), for different concentrations of cadmium salt at
constant ionic strength. [ O 1, joloc); [Al, jo(0) calculated from
the experiments; and [A], jo(0) by direct measurements in per-
chlorate solutions at 0°C; [@], jo(20) from measurements of the
equilibrium polarization resistance by Lorenz (2) in solutions con-

taining CdSO4 + 1.5M K504 at 20°C.

At the equilibrium of the cadmium electrode the
two steps [1] and [2] with two different exchange cur-
rent densities are also in equilibrium. The exchange
current densities of each step are obtained from [3]
and [4] with §; = 0 or j» = 0. By comparison with [16]
one deduces the relationship

2/jo(o0) = (1/j10) + (1/iz,0) [17]

Under transient conditions, 7; == j», but [9] is still
valid. A transient current-potential curve measured
for the time t - 0 after switching from the equilib-
rium potential to other potentials should yield Tafel
lines with a slope of 2 RT/F at high overvoltages. The
extrapolation of the anodic and cathodic Tafel lines to
the equilibrium potential should lead to a common
transient exchange current density which is the sum
of the exchange current densities of the two steps

§o(0) = jro + 2.0 {18]

The transient exchange current densities are deter-
mined by the fastest step. On the other hand, the
steady-state exchange current densities are deter-
mined by the slowest step. Since j2,, exceeds ji,, for
all possible concentrations, ccaz+, the transient current
densities are always larger than the steady-state cur-
rent densities. Such a behavior is not generally ex-
pected but more probable than j(0) < j(e), because
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i) 1 [f(o.,) g(85) ]
i) 2 Lf(es) ' g(o2)

as derived earlier (5). The transient exchange current
densities obtained by direct measurement and indirect-
ly by calculation from the other experiments are in
excellent agreement, which can be considered as an-
other proof for the validity of the proposed mechanism.

The first order rate constants of step [2] in both
directions of the reaction are always larger than the
rate constants of step [1] even at the highest cadmium
perchlorate concentrations. Therefore, one might con-
sider step [1] to be rate determining. This does not
mean that step [2] is always in equilibrium. At high
overvoltages the respective reverse reactions of both
steps do not have any influence on the rate of the over-
all reaction. Although the rate constants of step [2]
are relatively high, the electronic interaction between
the cadmium metal and the adsorbed monovalent cad-
mium is still very weak. The kinetics can be explained
with transfer coefficients of « = 0.5 for both steps and
with a well-defined monovalent intermediate. There-
fore, the monovalent cadmium with the center of its
charge in the Helmholtz layer must be separated from
the metal. The obvious model is to assume that the
monovalent cadmium is bound to the metal by a water
bridge. Thus, step [2] is a metal/ion reaction (3) with
the charge being transferred by the metal ion. On the
other hand, step [1] is a typical redox reaction with
ielectrons carrying the charge across the Helmholtz
ayer.

The comparatively low rate constants of step [1]
may be assigned to drastic differences in the solvation
sheets of cadmium ions in the solution and of adsorbed
monovalent cadmium, according to the theory of redox
reactions recently reviewed by Levich (25). Therefore,
one may suppose that only small rearrangements of
the solvation sheets of the completely discharged metal
in the surface and of the adsorbed monovalent metal
are left for the further reaction of step [2] resulting
in a relatively large rate.

(19]
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LIST OF SYMBOLS
a, transfer coefficient
a,b, interaction coefficients
ART, (with A = a + b) change of adsorption

enthalpy between zero and full coverage
with the intermediate

Cp, double layer capacity

£ potential vs. SCE

1(8), g(8), functions of relative coverage

1 current density

7(o0), steady-state c.d.

Jo{0), steady-state exchange c.d.
j(t), transient c.d.

i(0),
]0(0)!
k=, k*,
RE;
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transient c.d. for time t-> 0

transient exchange c.d. at the equilibrium
potential ¢,

cathodic and anodic rate constants

effective resistance of the electrolyte be-
tween reference electrode and working
electrode

decay time

relative coverage of the surface with the
intermediate

relative coverage at equilibrium

relative coverage at high negative and posi-
tive overvoltages

reaction order

charge-transfer valence

REFERENCES

. W. Lorenz, Naturwiss., 40, 578 (1953).

. W. Lorenz, Z. Elektrochem., Ber. Bunsenges. Phy-
sik Chem., 58, 912 (1954).

K. J. Vetter, “Electrochemical Kinetics,” Academic
Press, New York (1967).

. P. Delahay, “Double Layer and Electrode Ki-

netics,” Interscience, Inc., New York (1965).

. L. Gaiser and K. E. Heusler, Electrochim. Acta, In

press.

. H. Gerischer, Z. Elektrochem., Ber. Bunsenges.

Physik Chem., 57, 604 (1953).

. T. Berzins and P, Delahay, J. Am. Chem. Soc., 77,

6448 (1955).

. W. Vielstich and P. Delahay, J. Am. Chem. Soc.,

79, 1874 (1957).

. J. E. B. Randles, “Electrode Processes,” p. 209,

E. Yeager, Editor, John Wiley & Co., Inc.,, New
York (J961).

1

[=}

. B. Lovreéek and N. Marin¥ic, Electrochim. Acta,

11, 237 (1966).
11. D.(J§6§ooijman and J. H. Sluyters, ibid., 12, 693
1967).

12. N. A. Hampson and D. Larkin, J. Electroanal.
Chem. Interfacial Electrochem., 18, 401 (1968).

13. H. Gerischer and W. Mehl, Z. Elektrochem., Ber.
Bunsenges. Physik. Chem., 59, 1049 (1955).

14. R. M. Hurd, This Journal, 109, 327 (1962).

15. V. V. Losev and V. V., Gorodetskii, Elektrokhimyia,
3, 1061 (1967).

16. J. H. Plonski, This Journal, 116, 944 (1969). .

17. N.({\g.s’%ampson and D. A. Larkin, ibid.,, 114, 933

18. V. Ya. Bartenev, E. S. Sevastyanov, and D. L
Leikis, Elektrokhimia, 4, 745 (1968).

19. W. A. Roiter, W. A. Juza, and E. S. Polujan, Acta
physicochim. USSR, 10, 389 (1939).

20. W. A. Roiter, E. S. Polujan, and W. A. Juza, ibid.,
10, 845 (1939).

21. R. de Levie, “Advances in Electrochemistry and
Electrochemical Engineering,” P. Delahay and
Ch. W. Tobias, Editors, Vol. 6, p. 389, Interscience,
New York (1967).

22. R. Piontelli, G. Poli, and G. Serravalle, “Electrode
Processes,” p. 80, E. Yeager, Editor, John Wiley
& Sons, Inc,, New York (1961).

23. M. Fleischmann and H. R. Thirsk, “Advances in
Electrochemistry and Electrochemical Engineer-
ing,” P. Delahay and Ch. W. Tobias, Editors,
Vol. 3, p. 123, Interscience, New York (1963).

24.

M. Y. Temkin, Russ. J. Phys. Chem., 14, 1153

(1940) ; 15, 296 (1941).

25. V. G. Levich, “Advances in Electrochemistry and
Electrochemical Engineering,” Vol. 4, p. 249, P.
Delahay, Editor, Interscience, New York (1965).

Downloaded on 2016-09-16 to IP 130.203.136.75 address. Redistribution subject to ECS terms of use (see ecsdl.org/site/terms_use) unless CC License in place (see abstract).


http://ecsdl.org/site/terms_use

