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ABSTRACT 

In section (I) the overpotential decay behaviour of an electrode during oxygen evolution is described 
on the basis of calculations for two mechanisms with a chemical rate-determining step (rds). Quasi-equi- 
librium in the steps preceding the rds and Frumkin-type adsorption of intermediates is assumed. In 
section (II) decay experiments are reported for oxygen evolution on Lao.sBa0.sCoO 3 in 6 M KOH 
solution at room temperature. Both aged and renewed oxide electrodes were used. Measured decay rates 
at constant overpotential were found to vary as a function of starting overpotential, while the theory 
requires equal rates. Also, an increased capacitance for the aged electrode with respect to the renewed one 
was not accompanied by an expected increase in current density. Neither phenomenon can be explained 
by assuming non-equilibrium in the mechanism, but  can be understood on the basis of a growing passive 
multilayer with a presumably enhanced ColV/Com-ratio. The peroxide mechanism with a chemical rds 
and low coverage of the second intermediate is the most  likely of the alternatives considered. Capaci- 
tances calculated from the initial overpotential decay were approximately equal to capacitances derived 
from ac impedances measured prior to the interruption. 

(I) THEORETICAL DESCRIPTION OF THE OVERPOTENTIAL DECAY 

(I. 1) Introduction 

Measurement of the (open-circuit) overpotential decay of an electrochemical cell 
after steady-state potentiostatic polarization was used to characterize the oxygen 
evolution process on Lao.sBa0.sCoO3. This method was originally developed to 
study the discharge of an ionic double-layer capacitance [ 1 ], but was later also used 
for the characterization of oxygen evolution at nickel (oxide) electrodes [2] and of 
chlorine evolution [3]. The method can give kinetic information equivalent to that 
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derived from Tafel plots in steady-state measurements, but additionally can give 
information about the electrode capacitance. The occurrence of a pseudo-capaci- 
tance resulting from adsorbed intermediates complicates the analysis of decay 
measurements but this problem was previously handled for the hydrogen evolution 
reaction by numerically exploring applicable mechanisms [3,4]. 

Conway [2] stated that measurement of the overpotential decay has the added 
advantage of giving well-defined data on an electrode that is subject to (partial) 
oxidation. In that case, steady-state experiments would not give meaningful results 
over the entire overpotential range. This was indeed established earlier in the 
steady-state polarization study on Lao.sBa0.sCoO 3 [5]. Decay measurements should 
then give results that are entirely controlled by the state of the electrode at the time 
of interruption. But it remains doubtful whether these decays can be easily interpre- 
ted, since the situation at the electrode after interruption changes almost as if a 
quasi-steady-state experiment with decreasing overpotential had been performed. 

An obvious advantage of the current interruption method is that no ohmic 
resistances have to be corrected for. The apparatus needed can be kept simple if 
systems with large pseudo-capacitances and therefore large relaxation times are 
studied; in that case pen recorders will suffice. 

The interpretation of overpotential decays for a constant electrode capacitance is 
straightforward [6]. From a plot of overpotential ~/vs. the logarithm of time t, the 
electrode capacitance C, Tafel slope b and exchange current density i o may be 
deduced according to 

71 ---- b l o g ( b C / 2 . 3 i o )  - b log(t + r )  (1) 

with r = bC/2.3iinit. 
The overpotential-time relation can more generally be derived by considering not 

the time derivatives of capacitance and overpotential but rather the more elementary 
derivative d(Qsurface)/d~ / or d0/d~/ as the relevant operator describing the decay 
process [3,4]. This approach will be applied to two mechanisms recently proposed for 
oxygen evolution at La0.sBa0.sCoO 3 [5,7,8]. Numerically obtained characteristic 
plots will be shown, since in general no analytical solutions can be derived. In 
section (II) these results will be compared with experimental decays obtained after 
anodically polarizing a La0.sBa0.sCoO3 electrode. Finally, the validity of the mecha- 
nisms and the usefulness of the method will be discussed. 

(1.2) Derivation o f  the theoretical model  

The mechanisms to be discussed are the Krasil'shchikov mechanism and the 
peroxide mechanism involving two intermediates [7,8]. In the following scheme both 
are shown: 

Peroxide mechanism Krasil'shchikov mechanism 
1. O H -  ~ OHad + e 1. O H -  ~ OHaa + e 

2. OHad + O H -  ~- Oad + H20 -}- e 2a. OHad + O H -  --, Oad -}- H20 (rds) 

3. Oad AV O H -  ~ 02Had (rds) 
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Steps following the rate-determining step (rds) are not taken into consideration, 
since they are assumed to have no influence on the course of the reaction. This is 
certainly justified under quasi-equilibrium conditions, i.e. steps (1) and (2) are 
essentially in equilibrium, and provided no accumulation of other intermediates than 
Onad(01) and Oad(02) takes place. 

In the following derivations the symmetry coefficients will be taken equal to 1 
and the rate of the back reaction in the rds will be neglected. Furthermore, 
Frumkin-type adsorption will be adopted, with an overall interaction parameter g 
describing the interaction effect of the adsorbates via the total surface coverage, as 
discussed earlier [8]. The overpotential decay for the Krasil'shchikov mechanism can 
be derived from that of the more complex peroxide mechanism, so the latter will be 
treated first. 

The total current density i t in the system consists of a contribution by the 
(faradaic) electrochemical process, ie, and a double-layer charging current, viz. * 

i t = i F + qd,(dH/dt) (2) 

The current density i F is found by application of material balances for both 0 l 
and 02 (see ref. 8 for a complete derivation) which leads to the following expression 
in i s (steady-state current density) and q dO/dt: 

d01 d02 
iF = is + ~ q~t = 4L302 exp(½gOt) + 2ql ~ + 4q2 - ~  (3) 

During an overpotential decay the total (external) current is zero, so 

02 d 02 d H is----4L3Ot( ~t ) exp(l gOt) = -- (2ql dOl -~t + 4q2~t + qdl--~t ) dot dt (4) 

where all variables are given in terms of the total surface coverage 0 t by the 
introduction of conversion factors. 

Another way of expressing eqn. (4) shows the decay rate to be dependent on both 
overpotential and surface coverages 

d H  is 
- d---t- -- d01 002 (5) 

qdl q- 2q1~--~ + 4 q 2 ~  

with i s defined in eqn. (4). As will be shown below (eqn. 9), the various surface 
coverages are unique functions (albeit transcendental) of the overpotential alone, 
provided the preceding electrochemical steps are in quasi-equilibrium. This unique 
dependence of dH/dt  on H also holds for other mechanisms under quasi-equi- 
librium conditions of the steps preceding the rds. An important result of this 
quasi-equilibrium approach is the equality of decay rates --dH/dt for constant 
value of H, irrespective of the starting potential H 0. Thus, a set of experimentally 

* See the list of symbols at the end of the text. 
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measured decay curves starting from different 70 values should yield a set of equal 
-d~/dt values at various constant overpotentials, 

An alternative representation of the decay process makes use of logarithmic decay 
slopes d ~ / d  log t. The relation with the previously introduced decay slopes is 

d ~  t d~ (6) 
dt  2.3 d log t  

A simple increase in the surface roughness factor of the electrode alone should have 
no effect upon the validity of eqn. (5), since is, ql, q2 and qdl are all proportional to 
this roughness factor. Furthermore, it can be proven that all H (or 7) vs. log t curves 
tend to coincide when H 0 - - H >  4.6, i.e. 70- -7  > 110 mV (at ambient temperature). 
Therefore, when different decay rates at equal overpotentials are found there is some 
kind of non-stationarY behaviour acting, for example a lagging surface coverage [9] 
a n d / o r  a slow depassivation effect. 

In addition, it follows from the basic eqns. (2) and (3) that 

- ,-0 cd,( 0) + cp(n0) c( 0) 

where /so is the stationary current just before interruption and C0/0) the total 
capacitance at the (iR~-corrected) steady-state overpotential 70. Since Cd~ will not 
vary strongly with 7/, any serious variation of the experimentally observable C(~0) 
should reflect a change of the pseudo-capacitance Cp and the associated 0 's with the 
overpotential. However, it should again be stressed that all equations are based upon 
the assumption of an "infinite" exchange current (quasi-equilibrium) of the electro- 
chemical steps (1) and (2) in the mechanism. For very short decay times (correspond- 
ing to very high frequencies in impedance measurements), this assumption may not 
hold [8]. Then the analysis becomes very complex, in particular when the influence 
of Cdl is taken into account. Whereas in the case of ac impedance the relevant 
equations can at least be linearized [8], this is no longer allowed in the present case 
where substantial potential changes are involved. Moreover, reliable measurements 
of (d~/d t ) t_0  are difficult to perform when the "time constant" involved 
A~C(~o)/iso < 5-10/~s (A~7 << RT/F). As with high-frequency impedance measure- 
ments, these problems arise mainly from inductive (ringing) effects (enhanced here 
by the large dc current to be interrupted). 

To evaluate the precise form of the decay curves for the peroxide mechanism, eqn. 
(4) can be integrated which leads to 

d H  dOl d0 2 
qd l - '~ -  + 2ql 7if- + 4q2 

_4L3f tdt=fo uo, dO t dot (8) 

Ot Otexp(lgOt) 

From the kinetic equations for the various steps the conversion factors d01/d0 . 
d02/d0 t, dH/dO t and 02/0 t can be derived (see Appendix 1) and are found to be 
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functions of both 0 t and H. Under quasi-equilibrium conditions of steps (1) and (2) 
the 0t, H relation has been derived earlier [8] 

0t(1 _ 0 t ) - i  exp gO t = K I (1 + K I I )  = PI  exp H(1 + PII exp H )  (9) 

Since eqn. (9) is transcendental these conversion factors cannot be given solely in 0 t, 
and thus eqn. (8) cannot be evaluated analytically. Note that K I and K n incorporate 
overpotential terms according to, for example, K~ = PI  exp H. The notation used is 
fully explained in our earlier publication on the impedance behaviour of this 
mechanism [8]. 

Before treating eqn. (8) numerically, a useful simplification can be made by 
assuming Langmuir-type adsorption (g = 0). With assumed equal maximal surface 
charges q~ and q2, this leads to the following integral: 

f j l  + K I + KIKII fH 1 + 4KII + KIKIt 
--4L3t:qdl o glgIl dn+2ql--og-[l+gl+glgll]-,  hi.. , d H  (10) 

which is derived and then solved analytically in Appendix 2. The evaluation of this 
equation is dependent only on the choice of equilibrium constants PI and PlI  and 
will be shown below, together with the results of the numerical approach for three 
sets of PI ,  PII values, considered earlier in the theoretical evaluation of the imped- 
ance response of the peroxide mechanism [8]. 

(I. 3) Numerical results 

The complete integral of eqn. 8 for ql = q2 z q has been calculated by a numerical 
integration routine for a number of equilibrium constants and parameters g. For 
each value of H then, before evaluating the expression under the integral sign, the 
associated value of 0 t is found by solving eqn. (9) numerically as described earlier [8]. 
Together with the time t the derivatives dH/d In t, dH/d In i, dO1/dH and dO2/dH, 
and from the latter two the pseudo-capacitance Cp are also calculated. 

Results for a number of dimensionless starting overpotentials H 0 are shown in 
figs. 1 and 2 as a function of H and g for the first case considered, i.e. PI ---- 10 3 and 
PH = 10-5. The plots of H vs. log t (Fig. 1) and of the decay slope dH/d In t vs. H 
(Fig. 2) are suitable for comparison with experimental results. Another useful 
experimental representation is to plot l o g ( -  d ~ / d t )  vs. 77, as will be shown in section 
(II). As noted above (section 1.2), corresponding plots of log(-dH/dt) vs. H 
obtained from various starting potentials H 0 should yield coinciding curves on the 
basis of the present theory. Thus, any deviation from the latter is directly noticed in 
this type of plot. 

As was clearly derived by Conway [10], the decay slope - - d H / d l n  t should be 
numerically larger than the (differential) Tafel slope dH/d In i for increasing capaci- 
tance with overpotential, and vice versa for falling capacitances past the capacitance 
maximum. This simple rule, i.e. crossing of the - d H / d  In t and dH/d In i curves at 
a capacitance maximum, is seen to hold only for the second (at a higher overpoten- 
tial) of the two capacitance maxima. The pseudo-capacitance and surface coverage 
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Fig. 1. Numerically obtained overpotential decay curves starting from different overpotentials H 0 for the 
peroxide mechanism with PI = 10-3, PI[ -- 10-5, q = 2 ×  10 _4 C cm -2,  qa] = 8  × 10 -7  C cm-2 ;  (a) for 
g = 0  and (b) for g = 10. 

Fig. 2. (a) Dimensionless decay slopes for the curves of Fig. la. Dashed lines signify dimensionless Tafel 
slopes ( d H / d  In i); (b) as (a) for the curves of Fig. lb; (c) capacitance curve based on q = 2 ×  10 4 C 
c m - 2 ;  (d) associated surface coverages: ( ) total coverage; ( - -  - - - - )  el; ( ×  X x )  8 2. 

behaviour, although published earlier [8], are also shown in Fig. 2 for clarity. In this 
and following theoretical calculations q was taken to be 2 × 10 -4 C cm -2 * and qdl 
as 8 X 10 -7 C cm -2 (based on a constant double-layer capacitance of ~ 30 /~F 
cm-2) .  By calculating some curves for other values of qdl it was found that they are 
far more sensitive to changes in PI and PII than in the q/qd~ ratio. However, as will 
be shown in the two cases considered below, the maximum in the logarithmic decay 
rate at high overpotentials is governed by the value of qal- 

* Careful calculation of q based on the assumption of one active site per unit cell in Lao.sBao.sCoO3 
leads to a value of q = 10 -4  C cm -2, but  in view of the relative insensitivity of the curves to the q/qdl 
ratio the earlier assumed value (2 × 10 -4  C cm -2 )  was maintained. 
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Fig. 3. Numerically obtained overpotential decay curves starting from different overpotentials H o for the 
peroxide mechanism with Pl = 10-3, Pll -- 1, q = 2 ×  10 -4  C cm -2,  qdl = 8 ×  10 -7  C cm 2; (a) for g - -0  
and (b) for g -- 10. 

Fig. 4. (a) Dimensionless decay slopes for the curves of Fig. 3a. Dashed lines signify dimensionless Tafel 
slopes ( d H / d  In i); (b) as (a) for the curves of Fig. 3b; (c) capacitance curve; (d) associated surface 
coverages: ( ) total coverage ( =  02); ( - -  - -  - - )  01. 

The second case is shown in Figs. 3 and 4, corresponding to Pl = 10-3 and 
Pu = 1. Under these conditions (Pt <<Pn) the second intermediate Oad is made to 

dominate the surface coverage. Now the mechanism behaves almost like the 
Krasil 'shchikov mechanism with its second (chemical) step rate determining. As 
previously shown, in that case the Tafel slope found (Fig. 4a and 4b) has to be 
multiplied by two to obtain the real Tafel slope for the Krasil 'shchikov mechanism. 
The same holds for the decay slope and again the numerically obtained results can 
be checked for g -- 0, since then an analytical expression analogous to the transcen- 
dental one of eqn. (9) can be derived for the simpler Krasil 'shchikov mechanism. 

Finally, a third case is considered in Figs. 5 and 6 by choosing Pi = 10 i and 
Pu = 10-1°. In this case (PI >>PII), only substantial surface coverage of the first 
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Fig. 5. Numerically obtained overpotential decay curves starting from different overpotentials H 0 for the 
peroxide mechanism wi thP1=10 - j ,  PII=10 -]°, q = 2 X l 0  4 C cm -2, qdl----8Xl0 -7 C cm 2; (a) for 
g =0  and (b) for g =  10. 

Fig. 6. (a) Dimensionless decay slopes for the curves of Fig. 5a. Dashed lines signify dimensionless Tafel 
slopes ( d H / d  In i); (b) as (a) for the curves of Fig. 5b; (c) capacitance curve; (d) associated surface 
coverage ( =  0t, 0 z being 'negligibly small). 

intermediate (OHad) is found, whereas 0 2 stays very low. This choice of constants is 
interesting, since pseudo-capacitances caused by 01 are independent of the kinetic 
behaviour that is primarily controlled by 0 2 [8]. It is seen from Fig. 6 that the Tafel 
slope and decay slope cross as expected at the capacitance maximum. Here, as for 
the cases considered earlier, for g ~- 0 (Fig. 6c) the contribution of Ca~ to the decay 
curves predominates only for H >  9; below H =  7 only the pseudo-capacitance Cp 
contributes. For g = 10 the entire decay curve is independent of Cd~. 
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(II) EXPERIMENTAL OVERPOTENTIAL DECAYS 

(ILl) Experimental 

The La0.sBa0.sCoO 3 used and the electrochemical equipment is the same as 
described earlier [5,7]. The circular electrode had a diameter of 5.2 m m  and was 
rotated at an angular velocity of 188 rad s -~. The electrolyte used was 6 M  
potassium hydroxide kept at room temperature. The current was interrupted manu- 
ally with a mercury switch. Decay potentials were first buffered with a variable gain 
adjustable offset differential amplifier and then recorded on a pen recorder. Ohmic 
resistance drops and overpotential decays below 2 s were measured via the buffer 
amplifier with a transient recorder in pre-trigger mode and later plotted on an X Y 
pen recorder. All potentials ~vere measured with respect to a H g / H g O  electrode in 
the same solution, but all overpotentials are given with respect to the reversible 
oxygen electrode in the same solution. All current densities stated were calculated on 
the basis of geometrical surface areas. 

(II.2) Results and discussion 

A sequence of decay experiments with successively lower starting potentials was 
performed beginning at 70=401  mV. After each decay (duration 1-1.5h) the 
overpotential was set at a lower T0 value and the dc current allowed to stabilize. This 
took typically 16 h at high overpotentials down to 4 h at about 250 mV. Results for 
an aged electrode are shown in Figs. 7-9. Previously it had been subjected to a large 
number of slow anodic potential sweeps (total charge passed estimated at 2.5 × 105 
C cm 2 geometrical area). After this series the electrode surface was renewed by 
grinding, polishing and cleaning, and then subjected to a similar series of decay 
experiments, typical results of which are shown in Fig. 10. Starting overpotentials T0 
(corrected for iR drop) are given in Table 1, along with current densities i, capaci- 
tance values C ( ~ 0 ) = - i ( d ~ / d t ) 7 J  o (cf. eqn. 7), and iR corrections, all at the 
moment  of current interruption. 

Figures 7 and 8 for the aged electrode can be compared with the various 
theoretical H vs. log t and d H i d  In t vs. H plots respectively, shown in section (I) 
(Figs. 1-6). From the three cases considered, the last one (PI = 10 l, Pil = 10 10), 
illustrated by Figs. 5 and 6, is seen to give the best fit, provided an intermediate 
interaction parameter  g between 0 and 10 is chosen. However, the experimental 
l o g ( - d ~ / d t )  vs. ~ curves plotted in Fig. 9 show convincingly that - - d ~ / d t  is by no 
means constant at constant 7. As discussed in section (I), this constancy should hold 
when the preceding electrochemical steps are in quasi-equilibrium. 

Figure 9 shows that the decay rates at constant 77 increase quite systematically 
with decreasing starting potential 7/o. A similar trend is found for the renewed 
electrode in Fig. 10 (but with one significant exception: the first curve starting at 433 
mV shows larger decay rates than the second one starting at 424 mV; see the 
discussion below). The initial capacitances C(T0) all increase modestly with decreas- 
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TABLE 1 

Starting overpotentials T0 (in chronological order) and current densities i, initial capacitances C(~/o) and 
iR corrections measured at the moment of interruption 

Aged electrode Renewed electrode 

r t0/mV i/mA cm -2 C/mF cm -2 iR/mV ~0/mV i/mA cm -2 C/mF cm 2 iR/mV 

401 250.0 179 107.0 433 463.0 22.0 217.0 
366 83.8 245 34.0 424 277.0 35.5 127.0 
335 38.4 298 14.8 399 171.0 41 75.7 
296 11.9 310 5.2 369 68.0 70 29.3 
262 6.0 309 2.4 339 25.4 75 10.9 
230 1.6 423 - 296 9.1 91 4.0 
(200) (0.3) 249 3.3 117 1.3 

alone would lead to a corresponding increase in steady-state current density, and 
this is clearly not the case, as shown by Table 2 (derived from data of Table 1). 

Moreover, as noted above, the first two experiments on the renewed electrode 
show a similar discrepancy between the steady-state currents and corresponding 
capacitances. A current ratio i(2)/i(l)= 1.06 is predicted on the basis of the 
observed ratio C(2)/C(1)= 35.5/22.0 and accounting for the difference in over- 
potential (424 mV vs. 433 mV); the observed ratio is 0.60. 

These phenomena cannot be interpreted on the basis of the relatively simple 
model involving two adsorbed intermediates with assumed monolayer coverages. 
Even when the assumption of quasi-equilibrium in steps (1) and (2) is abandoned 
(leading to very complicated mathematics), no large discrepancies between the aged 
and renewed electrode should be expected [9,11 ]. A more plausible assumption is the 
formation on the La0.sBao.sCoO 3 substrate at high overpotentials of a (partially) 
passive multilayer with a higher CoW/Co nI ratio than is present in the substrate 
proper, where this ratio is equal to unity. This multilayer could be the predominant 
contributor to the effective electrode capacitance. As long as the available Co In sites 

TABLE 2 

Comparison of current and initial capacitance ratios for aged and renewed electrodes at almost identical 
overpotentials 

Approx. ~o /mV iag~o/i . . . . . .  d C('O0)aged/C(~o ) . . . . . .  d 

400 1.46 4.37 
368 1.23 3.50 
337 1.51 3.97 
296 1.30 3.41 
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supposed to be necessary for the oxygen evolution reaction (OER) are scarce, the 
decay rates will be relatively small. When after each decay to very low overpotentials 
the electrode is again polarized to successively lower starting overpotentials, the 
multilayer will not be restored to its previous extent (and the electrode capacitance 
may either increase or decrease). But in any case more Co m sites can be expected 
and thus the OER and corresponding decay rates at equal overpotential will be 
enhanced in a relative sense. 

For the aged electrode, the passivation effect seems to become unimportant at 
starting overpotentials below about 250 mV, since Fig. 9 reveals nearly coinciding 
curves for the two lowest ~ values. In addition, relatively fast (4 h) stabilization of 
the current at these low starting overpotentials occurs. The behaviour of the renewed 
electrode (Fig. 10) is less regular, probably due to continuing surface-roughening 
effects in the course of the time-consuming experiments. 

On the basis of the present data it is not possible to give a detailed description of 
the OER mechanism. Nevertheless , some interesting points can be noted: 

(1) When a simple anodic Tafel relation is adopted for the rds in the OER 
mechanism, which after current interruption proceeds through discharge of a capaci- 
tance C(~), the potential decay rate is given by the elementary equation 

2.37 
d r / _  i(~/) _ i°exp b 

dt C(n)  C(n)  (11) 

o r  

(12) l o g ( - ~ - - ~ - ~ t ) = l o g i 0 - 1 o g C ( ~ ) +  ~- 

where i0/)  is an internal (not measurable) current corresponding to the OER. The 
type of representation used in eqn. (12) is demonstrated in Figs. 9 and 10. If C(~) 
were constant, linear plots would be observed in these figures with (reciprocal) 
slopes equal to the Tafel slope b. In Fig. 9, b is seen to vary between 50 and 40 
mV/decade  over an overpotential range down to about 200 mV. Taking into 
account the modest increase of C0/0) with decreasing */0, most of the increase of the 
intercept logio/C(~ ) must be caused by an increase in effective i 0 upon lower 
prepolarization. 

Finally, the curvature of the various plots in Fig. 9 is in part due to the changing 
COD and would be less pronounced if COD were constant. So the Tafel slopes and 
thus the kinetics of the rds are essentially unaltered over the potential region 
considered. 

(2) It should be noted that the Tafel slopes apparent from Fig. 9 may also be 
deduced from the - d ~ / / d l o g t  vs. 71 curves of Fig. 8 (which represent eqn. (1), the 
integrated form of eqn. 11), but only so where * /0 -* />  2b. In our opinion the 
representation of Fig. 9 is more informative than that of Fig. 8, though the data are 
basically the same. 

(3) The build-up of a multilayer with a higher ColV/Co m ratio on a similarly 
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renewed La0.sBa0.sCoO 3 electrode at overpotentials below 250-300 mV was also 
shown from combined dc and ac (impedance) measurements reported previously [7]. 
A relatively large "parasitical" dc current and a (most probably) related "parasitical" 
ac admittance were observed when the renewed electrode was slowly polarized from 
150 mV up to ~ 280 mV (for details, see ref. 7). At higher overpotentials and also for 
an aged electrode, the parasitical ac contribution was no longer detectable, and there 
the admittance could simply be interpreted in terms of a parallel combination of a 
non-ideal (cpa type) capacitance Cef f and a faradaic admittance Yr. Trends for Cef f 
to increase modestly with decreasing ~/ down to about 200 mV, were qualitatively 
similar to those observed for C(~0) in the present decay experiments. 

(4) However, for the aged electrode used in the ac experiments [7] (total charge 
passed 8 × 10 4 C cm - 2 )  Cef f ranged from 22 to 43 mF cm -2, whereas C(~0) for the 
present more aged electrode (total charge 2.5 × 105 C cm -2) ranges from 179 to 423 
mF cm -2 over the same potential range. This raises the question whether C(o0) as 
found from initial decay rates should be equal to Cer e found from small ac 
perturbation techniques. If the latter can be performed in a relatively short time 
(approx. 5 min for a frequency range 10 kHz-0.1 Hz) preceding the current 
interruption, one may indeed expect roughly equal C values. This will of course only 
be so when on the one hand the ac equivalent circuit can be represented by a simple 
parallel RC combination, and on the other hand ( - d ~ / / d t ) t _ 0  upon interruption is 
constant over an initial potential decrease << R T / F  (5 mV say). Checks of this kind 
impose heavy demands on the electronic equipment used to monitor the initial decay 
rate (in connection with ringing effects below 0.1 ms), but preliminary tests on 
another aged electrode have shown that COt0) and Ceff remain equal within a factor 
of 2. These results suggest that a combination of ac and current interruption 
methods with advanced equipment can yield very useful information where both fast 
and slow adsorption/desorption phenomena are involved in electrode processes. 

(5) On the basis of electrochemical evidence alone, the nature of the multilayer 
cannot be identified. In its ultimate form this may alternatively be a chemically 
different top layer or a structurally unchanged layer of basic material with modified 
electrocatalytic or conductive properties. Post-test analyses of the electrode inter- 
faces, substantiating a slight chemical alteration of the surface layer will be discussed 
in a further communication [12]. 

(11.3) Conclusions 

The overpotential decay experiments on "aged" and "renewed" La0.sB0.sCoO3 
electrodes do not show the equal decay rates d~/dt  at equal potentials that are 
predicted by the theory presented here based upon quasi-equilibrium conditions for 
the electrochemical steps preceding a supposed chemical rds in the OER. Only at 
low overpotentials ( <  200 mV) and for sufficiently "aged" electrode surfaces (ex- 
posed to vigorous 02 evolution over extended periods) could the theoretical model 
be applicable, in the sense that quasi-equilibrium conditions are approached and 
adsorbed intermediates (OHad s, Oads) may be present in monolayer form. At higher 
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overpotentials a distinct (partial) passivation phenomenon effectively reduces the 
number of electroactive sites on which the rds in the OER proceeds. Most probably 
the passivation is caused by the formation of CoW-rich (hydrated) oxide multilayers. 
Increasingly higher overpotentials clearly enhance the stability of the passive layer. 
These phenomena are reflected in apparently increasing Tafel slopes for (pseudo) 
steady-state currents and depressed log[decay rates] curves for increasing starting 
overpotentials (Fig. 9). In view of the relatively small change in slope of the latter 
curves about 250 mV, the kinetics of the rds in terms of differential Tafel slopes 
( ~  50 mV/decade) is not seriously affected by the passivation phenomenon, in 
contrast to its apparent i 0 value. 

Because of the substantial surface-roughening effects during continued oxygen 
evolution, it is not possible to obtain information about the nature of the passivation 
layer from numerical capacitance values at various starting potentials. The mere fact 
that they are very large evidently causes the overall decay process to be very slow, 
which effect is still enhanced by the sparse availability of active sites for the rds (i.e. 
small i0). 

In section (I) the rds was assumed to be of a chemical rather than an electrochem- 
ical nature, based upon the previously observed first-order dependence of i (7/-- 
const) upon a (OH- )  [5] in stationary experiments. However, these experiments had 
to be carried out on aged electrodes for obvious reasons and were necessarily 
restricted to the overpotential range 250-280 mV, where in view of the present 
results passivation (in 6 M KOH) becomes evident and the differential Tafel slope is 

50 m V /  decade. The above-mentioned first-order dependence would require a 
slope of ~ 60 mV/decade, as discussed previously [5,7]. Taking into account the 
uncertainty of the data, this points to the chemical nature of the rds. An unambigu- 
ous determination of reaction order with respect to the hydroxyl ion activity would 
require a more thorough (and probably difficult) investigation. 
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LIST OF SYMBOLS 

b 
C 
F 
g 
i 
i0 
/sO, is 
K I, KII 
L3 

Tafel slope = 2.3 cc F/RT (mY/decade) 
capacitance (F cm 2) 
Faraday's constant (C mo1-1) 
dimensionless interaction parameter in Frumkin-type adsorption, = r/RT 
current density (A m -2) 
exchange current density (A m -z) 
faradaic current density (A m -2) 
potential-dependent equilibrium constants 
equivalent electrochemical rate constant for a chemical step (A m -z)  



82 

PI ,  PII  
q 

qd~ 
Q 
R 
T 
t 
Y 
O~ 
H 

0 

equilibrium constants independent of overpotential 
maximal surface charge (C m 2) 
maximal surface charge due to the ionic double layer (C m -z)  
surface charge (C m-2);  quantity defined in Appendix 2 
gas constant 
absolute temperature (K) 
time (s) 
admittance (~2-l m-2)  
electrochemical charge-transfer coefficient 
dimensionless overpotential, H = ~ F / R  T 
overpotential (V) 
fractional surface coverage 
characteristic decay time constant given by eqn. (1) 

APPENDIX 1 

Derivation of the conversion factors in eqn. (8) 

The convection factors are derived under quasi-equilibrium conditions of steps (1) 
and (2) starting from the following stationary relations: 
for step (1) 

0,(1 - 0t) 'exp(g0t)  = K, = PI exp H (A1.1) 

for step (2) 

02/0, = KII = PII exp H (A1.2) 

where the meaning of the equilibrium constants P is discussed in an earlier 
publication [8]. From the latter expression it follows that 

02 = 01/i i  = (0 t -- 02) / i i  (A1.3) 

and thus 

02 = 0 t / i i / ( 1  -~ KI, ) (a1.4)  

and 

01 = 02//KI I : 0t(1 _[_ K I I )  1 (a1.5)  

Now the derivatives d01/d0t and d02/d0 t are readily evaluated 

d01 1 d H  KI 1 

dO t -  l + K i l  0 t ~  ( l + K n )  2 

d02 KII  d H  KII  

dot- l+Kl~i+Ot~tt ( I + K I I )  2 

The derivative dH/dO t is calculated by taking the total 

(A1.6) 

(A1.7) 

differential of the 
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function of F(0t, H) (eqn. 9) 

F(0 t ,  H )  z 0t(1 --  0t) -1 exp(g0t ) -- KI(1 + KI I )  = 0 (A1.8)  

From 

~ 0, ~ t  dO t = 0 (A1.9) 
H 

it follows that 

d H  ( O F ) ( 3 F )  [ 1 J K , ( I + K n )  (AI.10) 
d o t -  -~t H / ~ 0t = 0t(1--0t) q-g K I ( I + 2 K n )  

Given the transcendental relation between 0 t and H no further simplification is 
possible. 

APPENDIX 2 

The decay integral for the Langmuir case 

By simply taking g = 0 all conversion factors in eqn. (8) can be given as functions 
of H since now 

0t = KI(I q- g l i ) / [  1 q- g i ( l  q- g l l )  ] (A2.1) 

is an explicit relation between 0 t and H. The resulting eqn. (10) is broken up into two 
integrals A and B, which will be handled in succession. 

Let us first consider part A. 

--4L3tdl f H  1 + K I + KIKII 
A = -- j ,  d H  (A2.2) 

qdl H o KI  KII 

The evaluation of this integral can easily be accomplished by substituting dx = 
d e x p ( - H )  which leads to 

fx . x o -- x - - .  (A2.3) 
x x 2 + p1 x + PiPi ! x°2 -- x2 1- ~ -1- m x--9-° 

A = -- o P I P I I X  d x -  - f-PIG x 

with x 0 = exp(--Ho) (the initial condition). The second fragment is likewise reduced 
to 

--4L3t q f x  X 2 q- 4Pii x + PiPl I 

B=-- -~q -- YxoPn(x---~ + ~-ix-+ ~iP~i ) d x  

_ 1 [ Pl- -  4Pn x2 + P l  x + P l P n  
/~II I. x0 --  X At- ~ In x 2 + Pixo + P1PII 

(2x + P, -- Q)(2x o + Pl + Q) 
- ½ Q l n  

(2x + P, + Q)(2x o + P, - Q) 
(A2.4) 
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with Q = ~ P i ( P i  - 4Pii  ) supposed  to be real. W h e n  PI - 4PH < 0 the last term of  B 
between  brackets  is given by 

{ (  + Q' t a n -  1 2XQ, - -  t a n -  ~ (A2.5)  

where Q' = ~PI (4PII - -  P l ) .  
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